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PREFACE TO SECOND EDITION 


The first edition of this work w'as published in 1927 as No. 4 of the 
University of Wisconsin Studies in Science. It seems desirable to 
include in the second edition a section devoted to the optical principles 
and methods of study which are used in the microscopic study of 
crystals so that the book may meet more fully the needs of students 
and others engaged in such work. With the same end in view a 
special chapter on the universal stage has been added from the pen of 
Professor R. C. Emmons. The text has been made more useful by 
the addition of about 300 illustrations and five plates. 

Part I on ‘^Principles and Methods/’ which did not appear in the 
first edition of this work, consists in large part of revised selections 
from the author’s “Elements of Optical Mineralogy,” Part I, 3d 
Edition, to which the reader may refer for directions for the study of 
crystals in convergent polarized light; Part II, “Descriptions of Arti¬ 
ficial Inorganic Solid Substances,” has been thoroughly revised with 
many changes and additions; and Part III, “Determinative Tables,” 
has been entirely rewritten. 

Each index of refraction of any artificial inorganic solid substance 
of definite composition and definite space lattice varies so little in dif¬ 
ferent samples under given temperature and pressure conditions that 
the value may be considered absolutely constant to the fourth or fifth 
decimal place; on the contrary, each index of refraction of almost 
any natural mineral is not constant even to the third decimal place, 
because of variations in composition. Therefore, the general rule in 
this book is to give the values of indices of refraction of pure sub¬ 
stances to the fourth decimal place and in three kinds of light (C, D 
and F), whereas values of indices of refraction of natural minerals are 
rarely significant beyond the third decimal place. The indices of 
refraction of some pure substances have not been measured with accu¬ 
racy and accurate measures have not always been made on strictly 
pure material; in such cases the indices of refraction are given only to 
the second or third decimal place. 
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PREFACE TO SECOND EDITION 


It is a pleasure to acknowledge the invaluable assistance which the 
author has received from various associates. He is especially indebted 
to Professor R. C. Emmons for the important chapter on the universal 
stage as well as for many suggestions regarding the descriptions of 
apparatus and other portions of the text. He has obtained unpub¬ 
lished data regarding the optical properties of certain substances 
through the kindness of Drs. H. E. Merwin, G. W. Morey, E. Posnjak, 
F. R. Bichowsky, E. T. Allen, N. L. Bowen, C. J. Ksanda and E. G. 
Zies of the Geophysical Laboratory, Professor C. W. Mason of Cornell 
University, Dr. V. A. Vigfusson of the University of Saskatchewan 
and others. 

The title of the book has been modified to prevent misapprehension 
regarding its scope. 

Alexander N. Winchell. 

Madison, Wisconsin 



FROM THE PREFACE TO THE FIRST EDITION 

While preparing the second edition of Part II of the writer’s 
“Optical Mineralogy,” it seemed undesirable to attempt to discrim¬ 
inate between natural and artificial minerals since the distinctions 
between them are so vague and unstable. Therefore the manuscript 
was prepared so as to include aU minerals, both natural and artificial, 
if their optic properties were sufficiently well known to permit their 
identification microscopically. More concretely stated, all inorganic 
substances were included whose indices of refraction had been meas¬ 
ured. When the manuscript was completed it was found to be too 
long for one volume and therefore the part dealing with artificial 
minerals was eliminated for separate treatment as given in this 
book. The following account may accordingly be considered as a 
supplement to Part II‘ of the author’s “Optical Mineralogy.” 

Undoubtedly some artificial substances, whose optic constants 
are known, have been omitted from this compilation, but the writer 
has spent many months searching all available literature for data 
(unfortunately almost never indexed), and trusts that he has achieved 
a reasonable measure of success. 

Many minerals, like borax, are found in nature and are also pro¬ 
duced artificially. In this work only those substances are included 
whose optic properties have been measured on artificial material. 

:)c9|c:|c:|c%9ie:|c)|c 

The description of each artificial substance is given usually in the 
following order: 

Chemical name and composition, usually expressed merely by a 
formula. 

Crystal system (and axial elements). 

Physical characters, including crystal habit, twinning, cleavage, 
hardness (H), specific gravity (G), fusibility (F), and solubility. 
Optic properties, including optic orientation, extinction angles, 

* Published by John Wiley & Sons, Inc., New York, 19*7. 
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FROM THE PREFACE TO THE FIRST EDITION 


refringence, birefringence, optic sign, optic angle, dispersion, 
color, pleochroism and absorption. 

Inversions in some cases described immediately after the composition. 
Synthesis, described very briefly, if at all, and often referring rather 
to the method of producing crystals than to the formation of the 
compound. 

It is obvious that a work of this kind is largely a compilation of all 
available data, and in its preparation the writer has made free use of 
the standard publications on the subject, including especially: 

P. Groth: Chemische Krystallographie, vol. I-II, 1906, 1908. 
Zeitschrift fiir Krystallographie, vol. I-LX, 1877-1924. 

H. Dufet: Recueil de Donnees Numeriques, vol. II, and vol. Ill, 1900. 
H. R. Landolt and R. Bomstein: Physikalisch-chemische Tabellen, 
5 Aufl., 1923. 

L. J. Spencer: Tables Annuelles Internationelles de Constantes, etc., 
vol. I-V, for 1910--1922, published in 1912-1926. 

E. S. Larsen: Microscopic Determination of the Nonopaque Minerals, 
1921, 

No attempt is made in this work to give the source of all the data 
which are included; so far as they are derived from the standard 
reference works already cited it is considered unnecessary to cite these 
repeatedly. On the other hand the author has aimed to give refer¬ 
ences to the source of all data from unusual sources or from current 
literature. 

Alexander N. Winchell. 

Madison, Wis., 

Oct. 1927 
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EXPLANATION OF PLATES 
(In pocket inside of back cover) 

Plate I.—Relation between true and observed angles on the universal stage when 
the crystal and hemisphere differ in refringence (sin i = n sin r). (After Fedoroff.) 
This is used to correct angular readings between the normal to the inner stage (or the 
section) and the direction of observation. The correction is based, first, on the index 
of the crystal, and, second, on the index of the glass hemisphere that is being used. 
All angles to be used on Plate II must first be corrected on this graph or its equivalent. 
The procedure is shown in the key,—the observed angle as read on the scales is traced 
from the circumference to that circle which indicates the index of the crystal, thence 
along a vertical line (up or down) to that circle which indicates the index of the glass 
hemisphere, and thence radially to the circumference on which the true angle within 
the crystal is read. 

Plate II.—Variation in the refractive index with change in angular position in a 
symmetry plane of the triaxial ellipsoid. (ci = ew/v a>* sin* </>-f c* cos* 0.) (The 
small triangle is intended only for substances of strong birefringence, and only for such 
substances is it necessary to make the indicated corrections for the position of the sub¬ 
stance on the refractive scale). 

The use of the diagram may be outlined as follows: 

Assume that a crystal has been oriented with X, F, or Z parallel to the axis of the 
microscope (which can always be done) and that two indices have been determined in 
this position by the double variation method. Assume, further, that it is impossible to 
rotate on a horizontal axis through go® to either of the other two principal positions, which 
is a common difficulty. Then rotate, with the grain at extinction as far as is conveniently 
possible on that horizontal axis which permits the greater rotation (up to go®), and rotate 
the lower nicol (or the stage), if necessary, to make its plane of vibration perpendicular 
to the axis of rotation. Note the amount of rotation of the horizontal axis and correct 
it according to Plate I. Measure the refractive index in the new position and find the 
difference in index between this value and that of the principal index already measured 
for the ray which vibrates in the same plane. This difference is found on the ordinate or 
abscissa as follows: If the rotation has caused a change from a greater to a smaller index, 
use the ordinate scale; if the rotation has caused a change from a smaller to a greater 
index, use the abscissa scale. Follow this value horizontally (or vertically) to the inter¬ 
section with the proper degree of rotation line. Then follow the inclined line to its extrem¬ 
ity where is indicated the total difference in index for a full go® rotation. By simple 
addition or subtraction the third principal index may then be obtained. 

For substances of stronger birefringence the smaller triangle is used similarly with 
this difference—if the index is not that for which the diagram was constructed, then a 
small correction must be applied. First determine the total difference in index as outlined 
for a go® rotation. Select the proper small plat, follow the proper total “index-differ¬ 
ence” curve to its intersection with the “degree of rotation” line (vertical) at which the 
reading was made. The correction is at the left. 

Plate III.—Universal stage protractor. The diagram is a substitute for the Nikitin 
hemisphere. It gives the angular distance of the perpendicular to the inner stage from 
the axis of the microscope. This angle is corrected for refractive index on Plate I. After 
making the corrections and locating the modified positions on this plate, then such angles 
as F or zF, and angles to be used on Plate 11 , may be read. This plate is a stereographic 
projection of angular rotations in divisions of lo degrees. 

xiv 
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XV 


1*LATE IV. — Relation between optic angle and differences in principal refractive 
indices in a biaxial crystal, (sin® F » — Np/Ng - Vp.) (After F. E. Wright.) 

If the three principal refractive indices of a crystal are known, the optic angle can be 
obtained quickly by means of this graph. The total birefringence {Ng — Np) is found 
on the abscissa, and the partial birefringence or Nm — is found on the 

ordinate. The inclined lines indicate V. 

Plate V. -Artificial inorganic solid substances classilied on the basis of birefringence 
optic sign, and refringence. 'Phe horizontal coordinate is refringence (A\ No, or Nm) 
with a change of scale at 1.55, 1.75, and 2.00, and a range from 1.44 to 3.00. The vertical 
coordinate is birefringence {Ny — with zero birefringence (isotropic substances) in 
the middle of the diagram, the birefringence of positive substances from zero to 0.200 in 
the upper half, and that of negative substances from zero to 0.200 in the lower half of the 
diagram, with a change of scale at 0.020, 0.060, and o.ioo. A few substances with optic 
properties outside these limits arc located approximately by arrows or statement of 
optic data. 

All the indices of refraction of any substance may be obtained readily from the dia¬ 
gram. If the substance is isotropic its position along the middle horizontal line gives 
its only index, N. I'hc formula of each anisotropic substance is followed by a number 
which gives the value of its true optic angle (2F) in degrees. If the substance is uniaxial, 
its optic angle is its position on the diagram gives the value of the birefringence, 
and the optic sign. The value of AV may be obtained by adding, for positive substances, 
or subtracting, for negative substances, the birefringence from No. If the substance is 
biaxial its position on the diagram gives its optic sign, its refringence, Nm, and its bire¬ 
fringence, Ng — Np. By using the value of the optic angle of the substance the small 
diagram in the lower right-hand corner gives the fraction of the birefringence which 
must be added to Nm to obtain Ny and also the fraction which must be subtracted to 
obtain Np. 



ABBREVIATIONS AND SYMBOLS 


(Chemical symbols and names of periodicals not included) 

A, B = Optic axes of biaxial crystals. 

A, B, C, D, E, F, G, H (after indices of refraction) — various types of monochromatic li^ht. 
a = front and rear crystal axis. 
ct — angle between crystal axes h and c. 
h — right and left crystal axis. 

^ = angle between crystal axes a and c. 

Biref. — birefringent. 

°C. = degree Centigrade. 
r ~ vertical crystal axis. 

7 — angle between crystal axes a and /». 

CIcav. cleavage. 

Comp. == composition. 

D (after index of refraction) = monochromatic light of the I) doublet. 

E =* extraordinary ray. 

2\i = the apparent optic axial angle measured in air. 

€ — index of refraction for the extraordinary ray. 

Ext. = extinction. 

F. == fu.sibility. 

G. = specific gravity. 

H. = hardness. 

H (in the tables) = hexagonal. 

2H = the apparent optic axial angle measured in oil. 

Hex. = hexagonal. 

Isom. = isometric. 

Lg. = large. 

Li (after index of refraction) = lithium (red) light. 

X = wave length of monochromatic light. 

M (in the tables) = monoclinic. 

m — an indefinite number. 

M = a thousandth of a millimeter, or a micron, 
mg = a millionth of a millimeter. 

Max. ~ maximum. 

Mod. ~ moderate. 

Mono. « monoclinic. 

N ~ index of refraction. 

Na (after index of refraction) = sodium (yellow) light. 

== index of refraction for the extraordinary ray. 

= greatest index of refraction = 7 of German writers. 
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Nm » intermediate (“mean"’; index of refraction ^ of German writers. 

No » index of refraction for the ordinary ray. 

Nj, = least (“petty”) index of refraction = a of German writers. 

» = an indefinite number. 

O = ordinary ray. 

O (in the tables) == orthorhombic. 

Opt. Ax. = optic axis. 

Orth. = orthorhombic. 

Q == tetragonal (quadratic) crystal .system. 

R = rhombohedral. 
p = red (light). 

p > V or < V (after optic angle) signifies that the optic axial angle in red light is greater 
than or less than the optic angle in violet light. 

Sm. == small. 

Sol, = solvent. 

Syst. = system. 

T (in the tables) = triclinic. 

Tetr. = tetragonal. 

T 1 (after index of refraction) = thallium fgreen) light. 

Trie. = triclinic. 

Trig. = trigonal or rhombohedral. 

2V ~ the true angle between the optic axes, 
z' = violet (light). 

X — the vibration direction of the fastest ray = a of German writers. 

X > Y, X < Z, etc. — absorption greater (or less) in the direction of X than in the 
direction of Y (or Z), etc. 

Y = the vibration direction of the intermediate ray = b of German writers. 

Z = the vibration direction of slowest ray = C of German writers. 

A ~angle; for example, Z a C — the angle between Z and c, 

> = greater than. 

< =less than. 

100, 010, 001, no, etc. = Miller symlx»l.s of crystal face.s and forms. 

.1 = normal to, 

11= parallel; this is often omitted, as in the statement: “the optic plane is 
010”; or it is replaced by “ = as in “X = a." 

The optic sign of a substance is expressed by (-H) or ( —) before the expression for the 
optic angle; for example, (-h)2T = 50° signifies that the true optic angle is 50® measured 
about Z and the optic sign is positive. 

In monoclinic crystals the extinction angle is commonly measured from the vertical 
axis c to A", r, or Z; this angle is positive if it lies in the obtuse angle ^ and negative if 
it is in the acute angle 0 between a and c. 

The sign of elongation of crystals is positive if Z (the vibration direction of the slow 
ray) is parallel with, or less than 45® from, the direction of elongation; it is negative if X 
occupies this position; it is plus or minus (±) if Y occupies the position named. 




Part I 

PRINCIPLES AND METHODS 


INTRODUCTION 

DRAWINGS, PROJECTIONS AND DIAGRAMS 

Drawings of crystals are representations of solid objects in one 
plane—the plane of the paper—and therefore require a projection. 



Fig. I. —Cube, photographerl B'ig. 2. —Cube, drawn in 

in clinographic projection. clinographic projection. 


The projection used in nearly all cases is not a true perspective, but 
assumes that the observer is at infinitive distance, so that all lines, 
which are parallel on the crystal, are also parallel in the drawing. 
Furthermore, the observer is not supposed to be directly in front of 
the crystal, but above and to the right so that the top and right- 
hand side are in view as well as the front. Ordinary crystal drawings, 
made in this way, are in clinographic projection, the rotation of the 
crystal from the position directly in front of the observer being i8° 
26' to the left on the vertical axis and 9° 28' downward on the right 
and left axis. The relation between a photograph of a crystal in 
its proper position for such a drawing and the drawing itself is illus¬ 
trated by Figs. I and 2. 

In all ordinary cases crystal drawings differ from photographs in 
one important respect, namely, they assume that the crystal has 
developed so as to have full geometrical symmetry, that is, correspond¬ 
ing faces are assumed to be at equal distances from the center as well 
as to be in their true angular position with respect to other faces and 
the crystal axes. 
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DRAWINGS, PROJECTIONS AND DIAGRAMS 


Certain other types of projection do not give a picture of the crystal, 
but are very useful since they present a graphic expression of the 
symmetry and of all the angular relations of the crystal much 
more clearly and exactly than any picture. 

In spherical projection the crystal 
is supposed to have its center at 
the center of an enclosing sphere, 
as in Fig. 3. From the common 
center a line is drawn normal to 
each crystal face and this line is 
continued until it intersects the 
enclosing sphere. The point of 
intersection is known as the pole 
of the given face. The poles of all 
faces in one zone (that is parallel to 
one line in the crystal) are in one 
Fig. 3.—Derivation of spherical projection, great circle in the sphere. Con¬ 
versely, all faces whose poles are in 
one great circle belong to one zone in the crystal. A face whose pole 
falls at the intersection of two or more great circles belongs to two or 
more independent zones in the crystal. The angular relations between 
the faces are retained exactly on the sphere; the angles on the sphere, 
being the angles between nor¬ 
mals to the faces, are the sup¬ 
plements of the actual interior 
angles between the faces of 
the crystals. These angles 
between the normals to the 
faces are the “normal inter¬ 
facial angles” commonly re¬ 
corded in all the literature on 
the subject. 

It is customary to place 
the crystal so that the vertical 
axis is normal to the equatorial 
plane of the sphere; then an orthorhombic crystal has the pole 
of the face 001 at the north pole of the sphere and any crystal 
has the faces of the prism zone (100, no, 010, no, etc.) on the 
equatorial circle. Since crystals are commonly alike at the two 
ends of the vertical axis, it is unnecessary to use more 



Fig. 4.—Hemisphere of Nikitin. 
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h al f the sphere; the upper or northern hemisphere is commonly 
employed. 

The chief disadvantage of spherical projection is that the surface of 
projection is curved and therefore can be shown in a plane figure only 
pictorially or by means of another projection. To use the spherical 
projection directly an actual spherical surface is needed; a hemi¬ 
sphere, such as that of Nikitin' (Fig. 4), with movable graduated circles, 
serves the purpose well. The most important method used to con¬ 
vert a spherical projection into a plane figure is by means of the 
stereographic projection. 

The stereographic projection may be derived from the spherical 
projection by projecting each pole on the upper hemisphere onto the 



Fig. 5. Derivation of stereographic projec- Fig. 6.—Example of stereographic projec- 
tion. tion. 


equatorial plane of the sphere by means of a straight line from the pole 
of the face to the south pole of the sphere, as shown in Fig. 5. In the 
figure it is evident that lines (of projection) are drawn from each pole 
on the upper hemisphere to the south pole of the sphere; the points 
where these lines intersect the equatorial plane (which is the plane of 
projection) are the poles of the respective faces in a stereographic 
projection. The stereographic projection of the crystal of Fig. 3, 
derived from the spherical projection as shown in Fig. 5, is represented 
in full view in Fig. 6. It is important to note that all great circles of 
the spherical projection appear as arcs of true circles in the stereo¬ 
graphic projection, the ordy apparent exception being that all great 

> ZeU. Kryst., XLVIII, 1910, p. 379. 
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circles passing through both the north and south poles of the spherical 
projection appear as straight lines in the stereographic projection (but 
such lines are arcs of circles of infinite radius). The poles of all faces 
which are parallel to the vertical axis of the crystal arc on the equator 
of the spherical projection and remain at the same points on the 
boundary circle (equator) of the stereographic projection. The pole 
of a face normal to the vertical axis of the crystal is at the north pole 
of the spherical projection and at the center of the stereographic pro¬ 
jection. Penfield ^ devised convenient protractors for plotting and for 
measuring angles in stereographic projections of definite radius. 

The stereographic projection is well adapted to show all the optic 
properties of a single crystal, as illustrated in its use to show the 
properties of albite, etc., by Michel Levy. It can be used to show 
variations in the position of optic elements in an isomorphous series, 
but is not well adapted to show variations in refringence, birefrin¬ 
gence, optic angle, or extinction angles in such a scries. 

Diagrams for binary series.—The ordinary system of two coor¬ 
dinates is commonly used to show variations in properties in an iso¬ 
morphous binary series, that is, in a case involving only two molecules, 
such as plagioclase. One coordinate—commonly the horizontal—is 
taken to represent variation in composition from one pure molecule 
at one end of the line to the other pure molecule at the other end of 
the line. By dividing this line into ten equal parts, each division 
point represents simple decimal proportions of the two molecules. 
Then the other coordinate can be used to represent any property of 
the substance, such as the mean index of refraction, the specific gravity, 
the extinction angle, or the optic angle. By placing one or more suit¬ 
able scales on this coordinate the numerical value of the index or other 
property can be read directly from the diagram for any composition 
shown, and the variations of the properties with variations in composi¬ 
tion through the series can be seen conveniently. Fig. 7 furnishes an 
illustration of such a diagram. 

In some cases there are two kinds of variations in composition in 
an isomorphous system which are quite independent. One of the 
simplest cases of this kind is found in the spinel group in which MgAl204 
may vary in one way to FeAl204, and, wholly independent of this vari¬ 
ation, there may be another variation from MgAl204 to MgCr204. 
In such cases each variation in composition should be plotted as one 
of the usual coordinates, as in Fig. 8, in which MgAl204 may be 
* Am. Jour. Set., CLXI, 1901, p. 10. 
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assumed to be at A; then FeAl 204 may be at B, and MgCr204 at C. 
It is evident that if both these variations are assumed to occur the 



result will be FeCr204, and this molecule should be used to complete 
the square, as at D. Now, if the opposite sides of the square are 


<:7f7p/<s 
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divided in tenths and corresponding divisions are connected by straight 
lines, the whole area of the square may be divided so that the per¬ 
centage composition may be easily read at any point. For example, 
the point Pi represents 90 per cent of the iron molecules (B and D) and 
10 per cent of the magnesium molecules (A and C); it also represents 
80 per cent of the aluminum molecules (A and B) and 20 per cent of 



40 Mot. % 60 

Fig. 8.—Diagram for two independent variables leading to four molecules. 


the chromimn molecules (C and D); therefore it represents 90 per 
cent of 80 per cent or 72 per cent of B, 10 per cent of 80 per cent or 
8 per cent of A, 90 per cent of 20 per cent or 18 per cent of D, and 10 
per cent of 20 per cent or 2 per cent of C. Similarly, P2 represents 
42 per cent of A, 18 per cent of B, 28 per cent of C, and 12 per cent 
of D. Variations in physical properties are not shown as easily on 
such a diagram as on one for a binary system, but they can be shown, 
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either as lines of equal properties, like contours, or as measured above 
the plane of the square in a solid model. It is necessary to use the 
method of “ contours ” in plane figures. An illustration may be 
found in Fig. 9. 

Diagrams for ternary systems.—In some cases a mineral molecule 
varies in composition oiJy as to one component, but more than one 
other element may take the place of this component. A simple illustra¬ 
tion of such a case is furnished by MgCOa, which may vary to FeCOs or 
to MnCOa or to mix-crystals containing all three of these molecules. In 
this instance there must always be exactly 100 (Mg + Fe -f Mn) atoms 


^nr?f6>c 


3/ci^Gr*oyO/f^///tc. 



£ast.c»7/ec 

Fig. q.—V ariations in optic properties with variations in composition in a system of 

four molecules. 


for each 100 CO3 groups. That is, the sum of Mg -f- Fe -t- Mn is a con¬ 
stant in all parts of the system, and this constant may be taken as loo, 
for convenience. Such a system may be represented on a triangle, the 
three comers of which represent the three pure molecules, as in any 
one of the triangles of Fig. 10. Then by dividing the sides of the 
triangle into tenths and connecting these points by straight lines, as in 
the figure, the whole triangle is divided so that the composition repre¬ 
sented at any point may be read off very easily. For example, the 
point Pi represents 40 per cent of A, 10 per cent of B, and 50 per cent 
of C; the point P3 represents 50 per cent of B, 30 per cent of D, and 
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20 per cent of E. Of course, the physical properties can be shown on 
such a triangle just as on a square, either by distances measured above 
the plane of the triangle in a solid model, or by contours. They are 
shown by “ contours ” in Fig. ii for the tephroite-forsterite-fayalite 
system. The properties of two of the three binary series of this 
system are only approximately known, and data in the ternary field 



Fig. 10.—Diagram for three (and four) independent variables. 


are very scanty, so the “ contours ” are all drawn as straight lines; in 
general, such lines are straight or only moderately curved. 

Diagrams for quaternary systems.—In some cases variations 
in one component of a molecule may lead to three other molecules. 
For example, chalcanthite (CUSO4 >51120) may vary to siderotil 
(FeS04 >51120) or to cobalt-chalcanthite (CoS04>5H20) or to man- 
ganese-chalcanthite ® (MnS04>5H20). In this case the constant 
which may be considered 100 is Cu + Fe + Co + Mn. A tetra¬ 
hedron is required to illustrate all possible mixtures of the four mole¬ 
cules, but, fortunately, in minerals, one of the four components is 

^ Continuity in all parts of this system has not been demonstrated. 
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nearly always so inferior in amount that the point representing the 
composition is very near, and may be considered to be on, one side of 
the tetrahedron. The four sides of the tetrahedron may be drawn, 

MnzSiOA 



Fig. II. —Variations in optic properties with variations in composition in a system of 

three independent variables. 


therefore, as in Fig. lo, and practically all the actual cases can be rep¬ 
resented on one of the four triangles. The triangle BCD may be con¬ 
sidered the base of the tetrahedron, and the other triangles the three 
sides having the common apex, A. 


CHAPTER I 


CRYSTALS 

Introduction: The intelligent study of the optic and microscopic 
characters of artificial inorganic solid substances (artificial min- 
erals*) requires at least an elementary knowledge of the properties of 
solids, that is, of crystals, and also an understanding of some of the 

simplest principles of optics. 
Therefore, before describing the 
substances themselves, it is desir¬ 
able to review briefly the proper¬ 
ties of crystals and also some of 
the principles of optics. 

Crystals are bodies bounded 
by smooth surfaces having their 
constituent atoms ^ arranged in 
a definite and regular order. 
Crystals are produced when a sub¬ 
stance passes from the state of a 
fluid to that of a solid, under 
conditions favorable to the 
natural adjustment of the atoms, 
so that they form networks or “ space lattices,” such that there 
is the same arrangement of atoms of one kind about any one 
atom as about any other one of the same kind within the crystal. 
In case this natural adjustment is attained, the interatomic forces are 
in equilibrium. In general, liquids and gases are composed of mole¬ 
cules, which are groups of atoms; while most crystals (at least those 

^ Some writers regard minerals as necessarily products of nature, but this limitation 
is so arbitrary and difiicult of application in some cases that the author considers it better 
to regard all artificial inorganic solid substances as ** artificial minerals,” thus securing a 
name which is easily understood and has the merit of brevity. 

* An atom is the smallest portion of an element which can enter into chemical com¬ 
bination; each element has atoms of definite constant weight. 
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Fig. 12.—Space lattice of halite crystals. 
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of inorganic substances) are now known to be built of atoms, in some 
cases in such arrangement as to suggest the presence of radicals, or 
parts of molecules, like CO3, but free from molecules, unless a whole 
crystal may be considered an enormous molecule. 

One of the simplest types of space lattices is illustrated in Fig. 12; 
this is the arrangement in ordinary salt (sodium chloride or halite). 
Three kinds of planes passing through such crystals are shown by the 
shading. Another type of space lattice, showing a group like a radical, 
is shown in Fig. 13; this is the 
arrangement of the atoms in calcite, 
magnesite, siderite, and rhodochro- 
site. 

If a solid substance has the 
regular internal arrangement of 
atoms without smooth external 
faces, it is said to be crystalline or 
to have crystal structure. A 
compact aggregate of crystalline 
material is described as massive. 

A single unit, having the same 
crystal structure throughout, but 
devoid of cry'stal faces, is known 
as an anhedron. If a substance 
has neither the smooth external 
faces nor the regular internal 
arrangement of atoms, it is said to 
be amorphous. This is the condi¬ 
tion of a piece of glass, of opal, etc. 

Some substances solidify to the 
amorphous state if they are cooled 

very rapidly, bemuse time is nec- , .._space lattice of calcite crysub. 
essary to permit the atoms to 

change from the molecular groupings into regular arrangements, or 
lattices, in which the interatomic forces are in equilibrium. 

Symmetry of crystals.—^All the faces of a crystal, as well as all the 
constituent atoms, are arranged in accordance with certain elements of 
symmetry, which are fixed in their position for a given crystal, and 
determine, not merely its external form, but also the distribution of all 
the internal physical characters. The essential feature of symmetry 
is repetition. Thus, a right triangle ABC (Fig. 14) may be divided 
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symmetrically by a line DE, if every line, point and angle on one side 
of DE is repeated on the other side in the same relative position. 
There are three types of symmetry commonly recognized in crystals, 
namely, syimnetry with respect to (i) a point, (2) a line, (3) a plane. 
One, two, or three of these types of symmetry may be present in a 
given crystal. 

A crystal is symmetrical with respect to a point when for each face 
and edge on one side of the point (or center) there is a similar face and 
edge directly on the other side of the center. This is the only element 
of symmetry in triclinic crystals, as illustrated in Figs. 49 and 50. 

A crystal is symmetrical with respect to a line (or axis) when a 
rotation of less than 360° about this line causes the crystal to occupy 
exactly the same position in space as at first. If a rotation of 180° 
produces the first repetition of jiosition, there are two repetitions in a 

complete rotation, and the line is 
said to be an axis of twofold or 
binary symmetry, as illustrated 
by each axis in Figs. 39-43. An 
a.xis of threefold or ternary sym¬ 
metry is illustrated by the vertical 
axis in Figs. 31-36; one of fourfold 
symmetry is shown by each axis in 
Figs. 16-20; and the vertical axis 
in Figs. 28-30 is an axis of sixfold 
symmetry. 

A crystal is symmetrical with respect to a plane when for each face 
or edge on one side of the plane there is a similar face or edge directly 
opposite on the other side, so that one side is the mirror image (in the 
given plane) of the other. Each axial plane is a plane of symmetry 
in Figs. 16-21, 24-29 and 37-43. 

All the corresponding interfacial angles on all crystals of the same 
species are constant; that is, they all have the same value. This is 
a consequence of the fact that the external faces of a crystal are deter¬ 
mined by the internal structure, and of the further fact that all crys¬ 
tals of the same species have the same internal structure. 

Crystal axes.—In the description of the form of a crystal, especially 
as regards the position of its faces, it is convenient to assume, as is 
done in analytical geometry, certain axes of reference, passing through 
the center of the ideal form. These imaginary lines are called crys¬ 
tallographic axes. Their directions are more or less fixed by the sym- 


d 



Fig. 14.—Symmetry of a simple plane 
figure. 
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metry of the crystal, for an axis of symmetry is a crystallographic 
axis, in most cases. These axes (denoted a, 6, and c, if unequal in 
length) are shown in their normal position in Fig. 15. 



Parameters and symbols.—The position of any face of a crystal is conven¬ 
iently expressed by stating the lengths on the axes at which the face (or its exten¬ 
sion) cuts these axes. These lengths are known as the coordinates of the plane. 
A simple mathematical ratio exists between the coordinates of all planes which are 
possible on all crystals of the same species. For example, in Fig. 15, the plane 
ABC cuts the axis a at a distance which may be 19 millimeters, the axis h at 36 
millimeters, and the axis c at 32 millimeters. Then 19, 36, and 32 are the coor¬ 
dinates of ABC, Another face may have coordinates which are entirely different, 
for example, 28.5, 27 and 12 mm. The coordinates are always written in the 
same order, and it is therefore unnecessary to write the axes. The second set 
of coordinates divided by the first set gives fractions which express the position 
of the second plane with respect to the first, as follows: yM, |- 5 , il. In order 
to simplify these ratios, either set of coordinates may be multiplied (or divided) 
by any suitable number (an operation which is equivalent to moving the plane 
parallel with itself, maintaining constantly the same relative position on the axes). 
For example, if the second set of coordinates be multiplied by f so as to make 
the ratio unity on c, the fractions become -i-f, ff, which equal 4, 2, i. Again, 

if the second set of coordinates be multiplied by I*, the fractions become f|, 
or 2, I, This expresses the relative position of HKL (of Fig. 15) as com¬ 
pared with ABC, Numbers of this kind, which express in their simplest terms the 
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relative positions of faces, are known as the parameters of the faces. The Miller 
symbols may be obtained from the parameters of any face by taking the recip¬ 
rocal of each number and then clearing of fraction, if necessary. Accordingly, 
the Miller symbols of UKL are obtained by taking the reciprocals of the param¬ 
eters 2,1, i-, which are i 2, and clearing of fractions, with the following result: 
I, 2, 4. The plane at the end of the h axis parallel with a and c has the parameters 
00 , I, CO ; since the reciprocal of 00 is o, the Miller symbols of the plane are 010. 
A plane in any octant is exactly expressed by using negative signs over the Miller 
symbols whenever the plane cuts an axis in the negative direction (see Fig. 15). 

A crystal form includes all the faces of a crystal which are required 
by the symmetry if one face is present. Thus, referring to Fig. 15, if 
the face HKL or 124 is present on an orthorhombic crystal having 
three planes of symmetry at right angles, the crystal form would 
consist of eight faces having the following symbols: 124, T24, T24, 124, 
124,124,124, 124. 

All crystals may be classified as belonging to six different crystal 
systems, distinguished by the relative lengths and angular inclinations 
of the assumed crystallographic axes. These systems are called the 
isometric, tetragonal, hexagonal, orthorhombic, monoclinic, and tri¬ 
clinic. 

Isometric System.—^All crystals which are referred to the isometric 
system have three equal rectangular axes. The forms of the system 
are numerous, but many of them are of no importance in the micro¬ 
scopic study of crystallized substances. Those of the highest grade 
of symmetry are the cube, octahedron, dodecahedron, trisoctahedron, 
trapezohedron, tetrahexahedron, and hexoctahedron; combinations 
of these forms, such as the octahedron and cube of Fig. 18, arc very 
common. They have three principal planes of symmetry parallel with 
the faces of the cube whose intersections determine the position of the 
crystallographic axes; they have also six auxiliary planes of symmetry, 
which bisect the angles between the principal planes, and are parallel 
with the faces of the dodecahedron. They have, further, three axes 
of fourfold symmetry coincident with the crystal axes, four axes of 
threefold symmetry normal to the octahedral faces, six axes of twofold 
symmetry normal to the dodecahedral faces, and a center of sym¬ 
metry. 

The cube. Fig. 16, is a form assumed by some crystals of 
fluorite. 

The octahedron, Fig. 17, is a common form of spinel and alum; 
sections may be squares, rhombs, hexagons, or triangles. 

•A principal plane of S3rmmetry is one containing two or more like axes of symmetry. 
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The dodecahedron, Fig. 19, is a form shown by garnet; sections are 
apt to be hexagons. 

The trapezohedron, Fig. 20, is so common in leucitc that the form 
is sometimes called the leucitohedron; the same form is common in 
crystals of CasAbOo • 6H2O. 
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Fk'.. 16.—Cube. 



Fig. 17.—Octahedron. 



Fig. 18.—Combination 
of cube and octahedron. 


The pyritohedron, Fig. 21, is so named because shown so often 
by pyrite. 

The tetrahedron, Fig. 22, is a form often shown by sphalerite and 
diamond. 

Each form of the isometric system completely encloses space and 
can occur alone; each one is therefore a geometrical solid, and has its 



hedron. 



Fig. 21.—Pyritohedron. 


special name, as illustrated above. In the other crystal systems, most 
of the crystal forms do not completely enclose space and cannot occur 
alone. Most of them belong to three types, namely: 

1. Pyramids, which are forms each of whose faces cuts all three 
crystal axes. 

2. Prisms, which are forms each of whose faces cuts the two lateral 
axes and is parallel to the vertical axis. 
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3. Pinacoids, which are forms each of whose faces cuts only one 
axis and is parallel to the other two. 

Tetragonal System.—^All crystals which are referred to the tetrag¬ 
onal system have three rectangular axes, two being of equal length, 
and the third, which is the vertical axis, of unequal length, as in Fig. 23. 
The forms of this system include the base, unit prism, diametral prism, 


c 



Fig. ’2.—Tetrahedron. Fig. 23.—.Vxcs with¬ 

in letra^jonal pyr¬ 
amid. 



Fig. 24.—Unit and 
diametral tetragonal 
prisms and pyra¬ 
mids; cassiterile— 
Sn02. 


ditetragonal prism, unit pyramid, diametral pyramid, and ditetragonal 
pyramid. These forms have one principal plane of symmetry parallel 
to the base, two ajcial planes of symmetry normal to the base (each 
including two crystal axes), and two other planes of symmetry bisect- 
ing the angles between the axial planes; they have also one axis of 
fourfold symmetry coincident with the vertical axis, and four axes of 

twofold symmetry parallel with the base, 
two being coincident with the lateral axes 
and the other two bisecting their angles; 
they have a center of symmetry. 

The base or basal pinacoid consists of 
only two faces (cx:>i and cx:>T); it is present 

Fig. 25.*—Unit and diametral pyr- . . ^ r\ /t?* \ 

amidsandbase; NiS0..6H^. of NlS04 • 6H2O (Fig. 25) 

and of meionite. 

The unit prism consists of four faces (no, ilo, TTo, and Tro); it is 
common on cassiterite (Fig. 24). Sections are apt to be squares. 

The diametral prism* consists of four faces (100,010, Too, and oTo); 



* The diametral prism is called a prism rather than a pinacoid because another selec¬ 
tion of the position of the lateral axes—equally correct—would make it conform to the 
definition of a prism, and because it is geometrically a prism. 
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it is found on some crystals of H2KPO4 (Fig. 26); sections of this form 
alone are often squares. 

The ditetragonal prism consists of eight faces (for example: 210, 
120, T20, 210, 2T0, T20,120, and 2T0). 

The ditetragonal pyramid consists of sixteen faces; these are rare 
on artificial crystals. 

The unit pyramid consists of eight faces, illustrated by some of the 
terminal faces in Fig, 24. 

The diametral p3rramid ^ consists of eight faces (loi, on, no, 
oTi, loT, oil, ToT, and oTT), which are present in combination with the 
unit pyramid as terminal faces in Fig. 26. 



Fk;. 20. Diametral tetragonal prism 
and pyramid; H2KPO4, 



Fig. 27,—Axes within licxagonal p}Tamid. 


Hexagonal System.—^All crystals which belong to the hexagonal 
system have three equal axes making angles of 6o° in one plane, and one 
unequal axis normal to this plane, as shown in Fig. 27. The hex¬ 
agonal system consists of two parts which differ distinctly in symmetr}' 
and are known as the hexagonal and trigonal divisions. 

Hexagonal Division.—^All crystals of the hexagonal division have a 
vertical axis of sixfold symmetry; the forms of highest grade of sym¬ 
metry have also a principal plane of symmetry parallel with the base, 
three axial planes of symmetry normal to the base (each including two 

** The diametral p3rramid is called a pyramid, though it does not conform to the defi¬ 
nition of a pyramid, because another selection of the position of the lateral axes—equally 
correct—would make it conform, and because geometrically it is a double pyramid. 
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crystal axes), and three other planes of symmetry bisecting the angles 
between the axial planes. They have also six axes of twofold sym¬ 
metry (three being coincident with the lateral crystal axes and the 
other three bisecting their angles) as well as a center of symmetry. 
The forms of this division include the base, unit prism, diametral prism, 
dihexagonal prism, unit pyramid, diametral pyramid, and dihexagonal 
pyramid. 

The base on basal pinacoid consists of only two faces (oooi and 
oooT); it is present on some crystals of apatite and beryl (see Fig. 30). 

The unit prism consists of six faces (loTo, oiTo, Tioo, Toro, oiTo, 
and I Too); it occurs on some crystals of apatite in combination with 
the imit pyramid, as shown in Fig. 28; cross-sections are hexagons. 



P'lG. 28.—Hexagonal 
prism and pyra¬ 
mid; apatite. 



Fig. 29.—Hexagonal 
prisms, pyramids and 
base; apatite. 



Fig. 30.—Hexagonal prism, 
base and pyramids; beryl. 


The diametral prism also consists of six faces (2I10,1120, T2T0,2 no, 
TT20, and 1210) which may be developed with or without other vertical 
faces; in Fig. 29 they truncate the edges of the unit prism, as in some 
crystals of apatite. 

The dihexagonal forms are rare and not illustrated here; each 
face cuts all three horizontal axes at imequal distances. 

The unit pyramid (loTi) is present in Fig. 28. 

The diametral pyramid (1121) is shown in Fig. 29 with two unit 
pyramids (loTi and 10T2) the base (0001) £ind two prisms (1120 and 
loTo). 

Trigonal Division.—^All crystals of the trigonal division have a ver¬ 
tical axis of threefold symmetry; the forms of highest grade of sym¬ 
metry have three auxiliary planes of symmetry normal to the base 
and bisecting the angles between the lateral crystal axes; they have 
three axes of twofold symmeti^y (which coincide with the lateral 
crystal axes) and a center of symmetry. The special forms of this 






ORTHORHOMBIC SYSTEM 


19 


division include the rhombohedron and the scaienohedron. These 
forms, alone and in combinations, are illustrated in Figs. 31-36; they 
are especially common in calcite and quartz. 

The rhombohedron fFigs. 31,32) has six faces, each being a rhomb; 



Fig. 31.—Cleavage rhombohe¬ 
dron of calcite, C'aC'O.i. 



Fig. 32. — Acute 
rhombohedron of 
calcitc, CaCOs. 



dron and base; hema' 
tite, Fe203. 


it has six like lateral edges forming a zigzag around the crystal and 
six like terminal edges, three above and three below. The vertical 
axis connects the two trihedral angles; the lateral axes connect the 
middle points of opposite edges. 

The scaienohedron (Fig. 34) has twelve faces, each being a scalene 



Fig. 34. —Scaienohe¬ 
dron of calcite, 
CaC03. 


Fig. 35. —^Hexagonal 
prism, scaienohe¬ 
dron and rhombo- 
hedron; calcite, 
CaCOj. 


Fig. 36.—Prism and rhom- 
bohedrons, modified by 
right trigonal pyramid 
right plus trapezohedron. 
Kight-handed quartz, 
Si02. 


triangle. The lateral edges form a zigzag around the crystal just like 
that around the rhombohedron, but the terminal edges are not all 
alike. 

Orthorhombic System.—^All crystals which belong to the ortho¬ 
rhombic system have three unequal rectangular axes, as shown in 
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Fig- 37 - Such crystals ® have no principal plane of symmetry, but 
have three axial planes of symmetry, three axes of twofold s)Tnmetry 
(which coincide with the crystal axes) and a center of symmetry. To 
orient an orthorhombic crystal, that is. to place it in the conventional 


+C 



rhombic pyramid. 



VifT. 38.—Macro-, brachy-, and 
basal pinacoids. 


position, any axis is made vertical and the longer lateral axis, known 
as the macro-axis, is made to extend right and left. The shorter lateral 
axis, known as the brachy-axis, then extends from front to rear. A 



Fig. 39.—A combination of 
crystal forms in K2SO4. 



Fig. 40.—A combina¬ 
tion of crystal forms 
in chrysolite. 



Fig. 41,—A combination 
of crystal forms in cor- 
dierite. 


form whose faces are parallel to one of these axes (and not parallel 
to the other) is named accordingly. Thus, the pinacoid parallel to the 
brachy-axis is the brach3T)inacoid. 

* This refers to crystals of the highest grade of symmetry in the orthorhombic system. 
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A dome is a form each of whose faces is parallel to one lateral 
axis and cuts the other two axes; therefore, there are brachydomes 
and macrodomes. Other forms of this system include the base, prism, 
pyramid and macropinacoid. The three pinacoids are shown in Fig. 
38. The unit pyramid is shown in Fig. 37 with the axes. Two 
different pyramids are 
illustrated in Fig. 39, a 
crystal form of K2SO4. 

Both kinds of domes are Vijjcrtwrjx 
found in Fig. 40, as seen in ^ 
chrysolite. The brachy- Fig. 42. Fig. 43. 

prism (130) and unit prism Figs. 42, 43.—Combinations of crystal forms in barite, 
(no) with the base (001), 

other pinacoids (100 and 010), and four pyramids, are in combination 
in Fig. 41, which is a drawing of a common form of natural cordierite. 
Figs. 42 and 43 illustrate combinations of base, prism and domes 
occurring in barite crystals. 

Monoclinic System.—All ciy^stals of the monoclinic system have 
three unequal axes, one being at right angles to the other two, which 

are not at right angles to 
each other, as shown in Fig. 
44. The axis which is nor¬ 
mal to the other two is called 
the ortho-axis; one of the 
other two is the vertical axis 
(c), and the other is called 
the clino- or inclined axis. 
To orient the crystal, the 
ortho-axis (b) is made to 
extend right and left and 
one of the others is placed 
verticallv; the third axis (a) 

Fig. 44.-Crystol axes and pyramids within Pina- 
coid.s of a monoclinic crystal. 

ward to the front. A form 
parallel to one lateral axis, and not parallel to the other, is named 
from that fact. Therefore, loo is the orthopinacoid, oio is the 
clinopinacoid, loi is an orthodome, on is a clinodome; 130 is similarly 
called a clinoprism, since it is more nearly parallel with the clino-axis 
than is the unit prism, no. The other forms of this system include 
the base (001) (which is not horizontal in the conventional position). 
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prism and pyramid. Crystals of maximum symmetry in this system 
have only one secondary plane of symmetry, one axis of twofold sym¬ 
metry, and a center of symmetry. Fig. 45 shows a combination of 
the orthopinacoid (100), clinopinacoid (010), unit prism (no), and 
unit pyramid (iiT), in augite, which is a ferriferous and aluminous 
diopside. Fig. 46 shows a combination of the base (001), clinopina- 




Fig. 46.—Crystal of Fig. 47.—A common crys- 
orthoclase, tal habit of 

K AlSi zOs. C 'S2M g(SO 4) r 6H oO. 


coid (010), unit prism (no), clinoprism (130), orthodome (201), and 
unit pyramid (ni), common in orthoclase. Fig. 47 is a crystal habit 
of Cs2Mg(S04)2'6H20 consisting of the base (001), prism (no), clino- 
dome (on), orthodome (201), unit pyramid (iiT), and clinopinacoid 
(010). 

Triclinic System.—All crystals of the triclinic system are referred to 



three unequal axes whose intersections are all oblique, as shown in 
Fig. 48. To orient the crystal, any axis is placed vertically, the 
longer lateral axis is made to extend downward to the right and the 
other downward to the front. The angle between the front and rear 
axis a and the vertical axis c is denoted by |9 (as in the monoclinic 
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system), that between a and b is denoted by 7, and that between b and c 
by a. Crystals of substances in this system have no plane nor axis 
of symmetry, but have a center of symmetry. Therefore, each form 
consists of only two faces, one opposite the other. As in orthorhombic 
crystals, the longer lateral axis is known as the macro-axis and the 
shorter as the brachy-axis. Forms are named from parallelism with 
axes; therefore, 100 is the macropinacoid, 010 the brachypinacoid, loi 
a macrodome, and on a brachydome. The other forms include the 
base, prism, and pyramid. Fig. 49 shows a common habit of albite, 
consisting of a combination of the base (001), the unit prisms (no and 
iTo), the unit pyramids (iiT and iTT), and the brachypinacoid (010). 
Fig. 50 illustrates a crystal of rhodonite having a well-developed 
base (001) with the unit prisms (no and iTo), the macropinacoid 
(100), the brachypinacoid (010) and four pyramids (nl, 22T, 221, and 
22T). 

Crystal Habit.—Crystals vary not only in their angular relations 
and symmetry, but also in their size, the relative development of their 
faces and the number and kind of faces or forms that are present. 
Variations in the angular relations of the faces and the symmetry of the 
forms are of fundamental importance and constitute the chief differ¬ 
ences between the sLx crystal systems just described. Variations in the 
size of crystals, the relative development of their faces and the number 
and kind of faces or forms that are present are of no fundamental sig¬ 
nificance; crystals of any substance always show such variations to 
some extent, and in some cases these variations produce a great variety 
in the crystals of one substance. Such variations are said to produce 
different crystal habits. It should be emphasized that variation in 
crystal habit occurs without the slightest variation in angular relations 
of the faces and therefore without the slightest variation in the crys¬ 
tallographic s3Tnmetry. In spite of the fact that any substance may 
show two (or even many) crystal habits under varying conditions of 
formation, many substances so frequently exhibit more or less con¬ 
stancy in crystal habit that a knowledge of their crystal habits is of 
importance in their study. 

The size of artificial crystals depends so largely upon a very exact 
control of the rate of growth that it is not very important in their 
study. Nevertheless, crystals of some substances are nearly always 
small microscopically, while those of other substances are frequently 
of larger size. 

The relative development of the faces and the number and kind of 
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faces or forms of crystals vary so greatly when different substances are 
compared and are so nearly constant in different crystals of one sub¬ 
stance in some cases that they furnish data of considerable value in 
the study of crystals. The relative development of the faces of crys¬ 
tals is one of the chief factors in determining their general shape; if 
the faces are all of nearly the same size the crystal is likely to be 
nearly equidimensional, such crystals are said to be equant. K a 
pair of opposite faces are decidedly larger than the other faces, the 
crystals are necessarily flattened and are said to be tabular-, if this ten¬ 
dency is carried to an extreme they are called lamellar or even foliated. 
If three or more faces belonging to one zone, that is, all parallel to any 
one line, are decidedly larger than the other faces, the crystal is neces¬ 
sarily elongated in that direction and is described as columnar-, ^ if 
this tendency is carried to an extreme the crystal is described as 
acictdar or even fibrous. Crystals of any crystal system may be 
equant, tabular, lamellar, coliunnar or fibrous, but isometric crystals 
are usually equant; tetragonal and hexagonal crystals are equant or 
flattened normal to the vertical axis or elongated parallel thereto; 
other crystals may be flattened parallel with any pinacoid (or even any 
other pair of opposite faces) or elongated parallel with any crystal 
axis (or, rarely, parallel with some other crystal direction). 

Crystals which show only one crystal form, or have the faces of 
one form decidedly larger than those of any other, are easily described 
as characterized by that form; for example, isometric crystals may 
be cubic, octahedral, dodecahedral, etc.; tetragonal crystals may 
be pyramidal, prismatic or pinacoidal; hexagonal crystals may be 
pyramidal, prismatic, pinacoidal, rhombohedral or scalenohedral; 
orthorhombic, monoclinic and triclinic crystals may be pyramidal, 
prismatic, domatic or pinacoidal. 

A cubic isometric crystal (Fig. 53) may be flattened to a tabular 
habit as in Fig. 52; by more flattening it may become lamellar as in 
Fig. 51, or even foliated; by elongation it may become columnar as 
in Fig. 54, or even adcular as in Fig. 55. Isometric crystals are 
usually equant or nearly so. An equant tetragonal crystal of calomel 
(Hg2Cl2) is shown in Fig. 58; this substance often forms crystals of 
colunmar habit as in Fig. 59; adcular crystals (Fig. 60) are not com¬ 
mon; tabular crystals (Fig. 57) are not rare in the natural substance, 

^ Some writers describe columnar and adcular crystals as prismatic; this is correct 
geometrically^ but incorrect crystallographically unless the long faces are prisms; they 
may be domes or pinacoids or even pyramids. 
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but lamellar crystals (Fig. 56) are very scarce. An equant hexagonal 
crystal of apatite (CasFPaOia) is shown in Fig. 63; the columnar 
habit (Fig. 64) is the common one in this substance, but acicular 
forms (Fig. 65) are not rare; tabular crystals (Fig. 62) and lamellar 
crystals (Fig. 61) are very rare or unknown in this substance. An 
equant orthorhombic crystal of olivine [(Mg,Fe)2Si04)] is shown 
in Fig. 68; natural olivine is often tabular parallel to 100 as in Fig. 
67, while natural iron olivine or fayalite is likely to be lamellar in 
that direction as in Fig. 66; the columnar habit (Fig. 69) is found 
in magnesian olivine or forsterite; the acicular habit (Fig. 70) is 
unknown or rare in olivine. Fig. 73 shows an equant monoclinic 
crystal of gypsum, (CaSO^ • 2H2O); such crystals are often tabular 
parallel to 010 as in Fig. 72; the lamellar habit (Fig. 71) is less 
common; a columnar habit (Fig. 74) is shown by crystals formed in 



Fig, 8i.—A bladed crystal 
of kyanite, AUSiOj 



Figs. 82, 8—Lath-shaped crystals of feldspar. 


a MgCl2 solution; a fibrous habit (Fig. 75) is also known in the 
natural mineral. An equant triclinic crystal of chalcanthite * (CuS04‘ 
5H2O) is illustrated in Fig. 78; such crystals are often columnar as 
in Fig. 79, or even fibrous as in Fig. 80; when formed artificially on 
a glass slide they are tabular to lamellar lying on no as shown in 
Figs. 76 and 77. 

Crystals which are much flattened or much elongated tend to be 
simpler, that is, have fewer faces, than corresponding equant crystals; 
this tendency is illustrated in Figs. 56, 57 and 60 as compared with 
Fig. 58, Figs. 66 and 70 as compared with Fig. 68, and Figs. 76 and 80 
as compared with Fig. 78. 

Some crystals show both elongation and flattening; such crystals 

* Tbe orientation differs from that of Tutton and Barker by reversing the c axis so 
as to make the b axis incline downward to the right, as usual in triclinic crystals. 
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are described as bladed if developed as in Fig. 8i or lath-shaped if 
similar to Figs. 82 or 82a in development. 

Crystal aggregates.—Crystals frequently grow in groups or aggre¬ 
gates in which the various crystals show more or less tendency to 
parallelism. In case all the axes of one are parallel to corresponding 
axes in the other, the aggregate is called a parallel growth. Such 
growths may consist of many crystals, rather than merely two, and 
then the grouping is apt to be such as to form the axes (or other chief 
parts) of a much larger crystal of the same kind. Such skeleton 
crystals may continue to grow and fill out to form one large crystal. 
Snowflakes are excellent e.xamples of skeleton crystals. When a flake 
fills out, it forms one hexagonal crystal of ice. 




1 ‘IG. 83,—Simple octahedron of spinel. Fig. 84.—Spinel octahedron in twin 

ning position. 


Twins.—Crystals of a single species also frequently grow in posi¬ 
tions in which the parallelism of the parts is incomplete; that is, some 
corresponding directions are exactly parallel and others are not. Two 
crystals of the same kind, which form an aggregate exhibiting such 
partial parallelism, are called a twin, or are said to be in twinning 
position. The relative position of two crystals in twinning position 
may be most readily understood by assuming that one has been 
revolved through i8o® about some direction or axis, which thus 
remains common to both. Thus, in Fig. 83, a crystal, say of spinel, 
forms a simple octahedron. If this octahedron be supposed to be cut 
in two parts along the dotted plane parallel to an octahedral face 
and the lower half be supposed to be revolved through 180'’ about 
an axis normal to this plane, the twinned form of Fig. 84 is produced. 
It should be emphasized that twins are not produced by such a revo- 
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lution, but by regular growth (except the secondary twins produced 
by shearing, etc.); this is merely a convenient way to describe the 
relative positions. 

The axis about which one part is supposed to be revolved is called 
the twinning axis, and the plane normal to this is the twinning plane. 
The plane by which twinned crystals are united is called the compo¬ 
sition plane. This is often the same as the twinning plane, but it is 
not necessarily so; when it is not the same as the twinning plane, the 
composition plane is apt to be parallel with the twinning axis, as in 
Carlsbad twins of feldspar (see Fig. 93). The twinning axis is nearly 
always a crystal axis or normal to a possible crystal face. If twins 
are simply adherent by the composition face, they are contact twins; 
if they interpenetrate more or less, they commonly have an irregular 
composition surface and are called penetration twins, as illustrated in 
Fig. 94. In many cases twins are composed of more than two parts, 
the mutual relations of any two adjacent parts being the same. In 
this case the twinning is described as multiple or poly synthetic, if 
the composition faces are parallel, and cyclic or symmetrical, if the 
composition faces are not parallel but related like adjacent faces of a 
])rism so that the twinned parts tend to turn in a circle. Repeated 
twinning of the cyclic type often gives rise to an apparent symmetrj’, 
called pseudosymmetry, greater than that actually possessed by the 
crystal. Thus, orthorhombic cordierite may seem to be hexagonal on 
account of cyclic twinning. 

Twinning may be produced artificially, in some cases, by shearing 
or other stresses; such twinning is called secondary. It is illustrated 
by some twinning in calcite fFig. 88) and by some multiple twinning in 
feldspar and pyroxene. 

Common twinning laws. —The most important type of twinning, in 
crystals of the isometric system, is that illustrated in Fig. 84; this, like 
all other types of twinning, is most conveniently described by stating 
the crystallographic position of the twinning axis or the twinning plane, 
and such a statement is known as a twinning law. Twins whose 
twinning axis is normal to an octahedral face, as in Fig. 84, are espe~ 
dally common in spinel and are therefore known as spinel twins; they 
may be either contact twins, or penetration forms, as illustrated by 
Fig. 85 for NaClOa, and by Fig. 86 for fluorite. 

In the tetragonal system, the most important type of twinning is 
that which corresponds to the spinel law, but in this case the twinning 
axis is normal to the face of a pyramid. Such twins are espedally 
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Ftg. 85.—Two tetrahedrons 
interpenetrating in twin¬ 
ning position, as in 
NaClOn. 


Fig. 86.—^Two cubes inter¬ 
penetrating in twinning 
position, as in CaFo. 


common in rutile and cassiterite; when simple they are described as 
geniculated, or knee-shaped, as in Fig. 87. 

In the hexagonal system, twins are rare and unimportant in crystals 
of the hexagonal division, but are common in those of the trigonal 
division. The calcite crystals and anhedra in rocks often show twin¬ 
ning lamellae (twiimed 
on oi 72 ), which may 
be of secondary origin, 
as shown by the fact 
that a single cleavage 
piece of calcite may 
be changed, in part, 
into a twin, by press- 
sure with a dull knife 
on an obtuse edge of 
a piece of prismatic 
form, the other obtuse edge resting on a lirm support. This is 
illustrated in Fig. 88; the portion moved (that is, abed to a'b'cd) takes 
a position as if twiimed on 01T2 (or edc)\ it is not broken off, but is in 
a new position of stability. 

In the orthorhombic system the commonest type of twinning has 
the twinning axis normal to the face of a 
prism whose prismatic angle is about 60°. 

This is well illustrated in aragonite and 
in cordierite, as shown in Figs. 89 and 90 
of aragonite, and 91 of cordierite. 

Twinning is more important in the 
monoclinic system. The commonest type 
has the vertical axis as the twinning axis, 
as illustrated by Fig. 92 for gypsum. The 
same law gives the groups called Carlsbad 
twins in feldspar, which are either contact 
forms or penetration twins, as shown in pj,. 

Figs. 93 and 94. This type of twinning 
may be explained equally well by refer¬ 
ring it to the orthopinacoid, 100, as the twinning plane. In 
Baveno twins of orthodase the twinning plane is the clinodome, 021, 
and since the angle between this face and the base is 44° 56', nearly 
square forms result, as illustrated in Fig. 95; they are commonly 
elongated parallel to the a axis. A rare type of twinning in ortho- 



87.—Geniculated twin 
cas.siterite, SnOj. 
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clase is known as the Manebach, in which the basal plane is the 
twinning plane and also the composition face, as shown in Fig. 96. 


a a' b b’ 



Fig. 88 .—Artificial twin pro¬ 
duced in calcite, CaCOs. 




iiioMoio 




ilio 




Fig. 89. —Aragonite 
(CaCOs) twinned 
on 110. 



Fig. 90. —Cross-sec¬ 
tion of pseudohex- 
agonal cyclic twin 
of aragonite, CaCOs. 


The twinning peculiar to tridinic feldspar is of several types, the more 
abundant being the albite and peridine. The former type has 010 
as the twinning plane, the latter has the b axis as the twinning axis. 
Both types are nearly always polysyn¬ 
thetic, producing narrow lamella? which 
are parallel to 010 in albite twinning 
and parallel to the axis b in peridine 
twinning. Therefore, albite twinning 
produces fine striations on a basal cleavage 
surface and peridine twinning produces 
similar striations on the brachypinacoidal 
deavage or face. A simple albite twin is 
shown in Fig. 97; this type of twinning is 
nearly always present, and many times 
repeated, in all kinds of plagiodase, and 
thus produces striations on the base 
parallel to 010, as illustrated in Fig. 99. 

A simple peridine twin is represented in 
Fig. 98; in such twins the composition 
plane passes through the crystal in such 
a direcdon that its intersecdons with the 9i._Pseudohe»igonal cycUc 
prismatic faces make an equilateral oblique- twin of cordierite. 

angled parallelogram or rhombus. 

Hitherto, aggregates have been described in which all the crystals 
are of one kind of spedes. Aggregates of crystals of two (or more) 
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kinds may show similar relations in position. Thus, aggregates of 
isomorphous crystals (that is, crystals chemically and crystallograph- 
ically similar, but not identical) may be in almost completely parallel 
positions as illustrated in the zonal growths of alum and in those of 
feldspar; twinning may extend continuously through such zones. 



Fig. 92. —Gypsum 
(CaS04- 2H2O) 
twinned on verti¬ 
cal axis. 


Fig. 93.—Contact 
Carlsbad twin of 
albite, NaAlSisOs. 


Fig. 94.—P a r t i a 1 
penetration Carls¬ 
bad twin of ortho- 
clasc, KAlSiaOs. 


The zones are usually bounded by planes which were once crystal 
faces, each zone representing a period of additional growth of the 
crystal. The composition of the zones varies, often in regular sequence 
or progression; thus, in plagioclase of igneous rocks, the zones com¬ 
monly are progressively richer in albite from the center outward. 



Fie. 95.—Baveno twin of or- Fic. 96.—Manebach twin of Fio. 97.—Simple albite 
thoclase, KAlSiaOn. orthoclase, KAlSisOa. twin in plagioclase. 


Aggregates of crystals which are wholly unlike, chemically and 
crystallographically, usually show no definite relations in their mutual 
positions, but even in this case definite relations are sometimes found. 
Thus, quartz has been observed growing in parallel position on rhom- 
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bohedral faces of calcite, rutile may develop in three directions parallel 
to prominent edges on the basal plane of mica, etc. But in such aggre¬ 
gates one mineral is apt to be completely enclosed by another. 

Inclusions.—Any substance completely enclosed by another is 
known as an inclusion, no matter what its nature or origin may be. 
Accordingly, inclusions may be gaseous, liquid, or solid. If they 
originate at the time of formation of the enclosing crystal, they are 
called primary; if they originate by alteration or introduction after 
the formation of the enclosing crystal, they are called secondary'. 
A crystal which grows very rapidly may shoot out in various chief 
directions like frost of one orientation on a window pane, and then the 
skeleton form may be filled in during a jieriod of slow growth. In such 






Kk;. gS."“Simple periclinc Fig. gg.—External albite and peridine 

twin in albilc, XaAlSi.iOn. strialions in albite, XaAlSisOs. 


cases, deeply reentrant angles may be tilled w’ith foreign material which 
is finally completely surrounded by the growth of the crystal. If the 
enclosed material is a liquid, it may contract, upon cooling, so that it 
no longer fills the whole space; the cavity will then be occupied by a 
liquid and its gas. Or, the enclosed liquid may consist of parts immis¬ 
cible at ordinary temperatures, so that the cavity may contain two 
liquids and a gas, as illustrated by cavities in quartz containing water, 
liquid carbon dioxide, and gas. The nature of the liquid is determin¬ 
able, In some cases, by measuring its index of refraction, by determin¬ 
ing its critical point, or by chemical tests. In many cases the liquid 
is water or carbon dioxide, or a solution in which the crystals grew. 

When the enclosed liquid contains molecules of the enclosing crystal 
in solution these may crystallize on the walls of the cavity during cool- 
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ing, and thus give it crystal faces. The cavity is then called a negative 
crystal; such forms are common in quartz and halite. Such negative 
crystals probably may be produced also by simple growth of the 
enclosing crystal. Sufficient growth of the halite to cover one side of 
a hollow cube is all that is necessary to change the deep reentrant cubic 
spaces on crystals of halite into negative cubic crystals. 

When crystals of other substances are present in a liquid, they may 
be enclosed by another growing crystal. This may happen with or 
without evidence that the growing crystal moves the other. The 
concentration of enclosed crystals in certain zones in leucite and feld¬ 
spar is probably due to their being thrust aside for a time by the grow¬ 
ing crystal, until more rapid growth results in their being surrounded. 
In other cases, inclusions are arranged radially; Pirsson has shown how 
this condition may result from progressive growth from skeletal 
forms, as illustrated in Fig. loo. 

Fig. ICX5. —Radial inclusions in leucite (KAlSi206) resulting from development of skeletal 

forms. (After Pirsson.) 

The physical characters of crystals which relate to their effects on 
light will be described in detail in later sections of this book. The 
other physical characters, aside from crystallization, will be briefly 
summarized here, with special reference to their use in optical study 
with the microscope. 

Cleavage is the property of some crystals to break along definite 
smooth planes, which are called cleavage planes, and are always pos¬ 
sible crystal faces, since they are determined by the regular internal 
arrangement of the atoms. Cleavages (like crystal faces) occur par¬ 
allel with planes in which the atoms are closely packed together, and 
normal to which the distance between adjacent layers of atoms is 
relatively great. Cleavage is described, according to its crystallo¬ 
graphic direction, as cubic, octahedral, rhombohedral, basal, pris¬ 
matic, etc. It is also described, according to the ease with which it is 
obtained and the smoothness of the surfaces produced, as perfect or 
eminent, distinct, indistinct or imperfect, and difficult. Cleavage is 
perfect when it is obtained with great ease and yields smooth, lustrous 
surfaces, as in mica, caldte, etc. The other terms express inferior 
degrees of cleavage. 
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In all directions, in a crystal, which are crystallographically the 
same, cleavage is the same in quality; conversely, if the crystallog¬ 
raphy of a given substance is unknown, the cleavage provides a means 
by which equivalent crystal directions may be recognized. A single 
cleavage, crystallographically, may exist in a crystal in one, two, three, 
four, or even six different directions; thus, NiS04 *61120 has basal 
cleavage in only one direction; enstatite and diopside have prismatic 
cleavage in two directions parallel to the prism faces; calcite has 
rhombohedral cleavage in three directions; fluorite has octahedral 
cleavage in four directions; and garnet may have parting (similar to 
cleavage, but secondarily developed by strain and not always present) 
in six directions parallel to dodecahedral faces. Sphalerite has 
cleavage in these directions. 

Also, a crystal may have only one cleavage, or two, or even more 
cleavages crystallographically unlike; they are then unlike in quality. 
Thus, picromerite [(K2Mg(S04)2 • 6H2O)] has only one perfect cleavage, 
which is parallel to the dome (20T); orthoclase has two cleavages par¬ 
allel to two of the pinacoids (001 and 010); and anhydrite has three 
pinacoidal cleavages. 

In thin sections of crystals, cleavage is seen as one or more sets of 
more or less narrow, straight and parallel cracks, which are contin¬ 
uous or interrupted (and perhaps offset), according to the quality of 
the cleavage. These cracks are unquestionably developed in part 
during the grinding of the section, but in part they are present inde¬ 
pendent of the grinding. Sections of varying orientation through a 
single crystal may not show the same abundance of cleavages; those 
cut about at right angles to the cleavage planes commonly show them 
more abundantly than others cut nearly parallel with these planes. 
For example, a simple crystal of hornblende, like Fig. loi, will show its 
prismatic cleavages well developed in two sets of narrow, straight, 
parallel cracks, forming an angle of 124° in a cross-section which is 
normal to both cleavage planes, as in Fig. 104. In a section parallel 
to the dinopinacoid (010) the cleavage cracks are not so numerous 
nor so closely spaced, and they are apt to be discontinuous, as in 
Fig. 102. The traces of these cleavages are parallel, but the planes of 
the cleavages are not parallel, being inclined in two directions, making 
angles of 62° with the plane of the section. In a section parallel to the 
orthopinacoid, cleavage cracks are still less abundant, and, in fact, 
may be entirely lacking, or, at least, invisible. If present, as in Fig. 
103, they are likely to be widely spaced, discontinuous, and rather 
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indistinct; their traces are parallel, but their planes are inclined in two 
directions, making angles of 28° with the plane of the section. 

Cleavages in section are more easily seen in crystals of higher index 
of refraction, because this results in more reflection and refraction 



Fio. 101.—Simple crystal 
of hornblende. 



Fk;. 102.—Clinopina- 
coicl section of horn¬ 
blende crystal. 



Fi(.;. 103. — Orthopinacoid 
section of hornblende 
crystal. 


along the cleav'age plane. For a similar reason, cleavages may be 
less distinct, because apparently narrower, in sections normal to the 
cleavage planes than in others varying somewhat from this direction. 
The relation of the plane of cleavage to the plane of the section may 

be learned in an approximate way by focus¬ 
ing a high power objective first on the upper 
edge of the cleavage crack and then on the 
lower edge, and noting whether the image 
shifts to one side or the other or remains 
stationary. In the latter case the cleavage 
plane is normal to the plane of the section. 

The development of cleavage cracks de¬ 
pends, in some cases, upon the magnitude of 
the stresses produced in a crystal (for example, 
during grinding) in comparison with its cohesion. The stresses are 
naturally less in tiny crystals than in large ones; so it happens that 
small crystals of enstatite may be quite devoid of cleavage cracks 
in thin section, though larger crystals show them plainly. 



104. — Cross-section 
hornblende crystal. 
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Cleavage is very useful in the microscopic study of crystals, as will 
be evident from its applications in the later portion of this book. 

Fracture. —Crystals which have no cleavage are said to fracture rather than 
to cleave. Further, the break of a cleavabie crystal in any direction other than 
that of the cleavage is also fracture. Fracture differs from cleavage in being more 
or less irregular, uneven, or curved, and in no definite crystal direction. Frac¬ 
ture is described as conchoidal when the surfaces produced are smooth and curved, 
often concave, like those of some shells. It is described as uneven when the sur¬ 
face, though rough with many small irregularities, is approximately a plane. 

Hardness is a term ordinarily used with a rather vague meaning; 
as applied to crystals it refers to the resistance offered to the produc¬ 
tion of a scratch on a smooth surface. In minerals there are all grades 
of hardness, from that of talc, easily scratched with the fingernail, 
to that of the diamond, which is the hardest substance known, either 
natural or artificial. Hardness (H) is always expressed in terms of 
the scale devised by Mohs, which is as follows:^ i. Talc; 2. 
Gypsum; 3. Calcitc; 4. Fluorite; 5. Apatite; 6, Orthoclase; 7. 
Quartz; 8. Topaz; 9. Corundum; 10. Diamond. 

A crystal which scratches and also is scratched by one of the min¬ 
erals of this scale has the same hardness as that mineral. A crystal 
which scratches one of the scale, as fluorite, but not the next higher 
(being scratched by that) has an intermediate hardness, commonly 
expressed by the lower number with a fraction—in this case the 
hardness would be four and a half, or H. = 4.5. In testing hardness 
it is important to distinguish between a scratch and a chalk mark; 
the latter is easily rubbed off; the former is not. 

Hardness is of little importance in the microscopic study of crystals, 
but it is an important factor in the preparation of thin sections, in 
determining the smoothness or polish attained. Hard crystals are 
likely to be left slightly thicker than soft ones and may have scratches 
unremoved by the polishing with the finer powders. Also, the soft 
crystals may be torn or pitted or even bent by the coarse grinding; 
this is illustrated on a small scale by the waviness or crinkling so 
common in micas in thin sections. 

Specific gravity. — The specific gravity of a crystal is the 
numerical ratio between its weight and the weight of an equal 
volume of water. Specific gravity is a definite characteristic which 

• Recent work indicates that fluorite and apatite are nearly alike in hardness, and that 
topaz is only a little harder than quartz. See A, Rosiwal: Mitt, Wiener Min, Gesdl.^ 
1917, No. 80, p. 69; issued with T,M,P.M,, 1917, vol. 39; and P. J. Holmquist: Geol, 
FUr, Fdrh.^ Stockholm, vol. 38, p. 501. 
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does not vary (at given temperature and pressure) so long as 
the composition of the crystal does not vary. The specific gravity 
may be determined by weighing a substance in air and then weighing 
it when suspended in water; the loss of weight in water is equal to the 
weight of an equal volume of water. The second weighing may be 
replaced by a measurement of the volume of the substance, as by 
immersion in a burette, since i c.c. of water weighs i gm. In measuring 
specific gravity it is important to obtain pure material and remove all 
the air from the fragments, under an exhaust-pump. Indirect 
methods of measuring specific gravity by comparison with that of 
liquids are of special importance, because they also furnish methods of 
separating powders into their constituent crystal components. Several 



moderately heavy liquids are known. By dilution with an appropriate 
liquid, the density of these liquids may be lowered at will to any 
desired extent, and thus made equal to that of any crystal (not too 
heavy) whose specific gravity is to be determined. This condition of 
equality is easily recognized by the fact that the crystal stays indefi¬ 
nitely in any part of the liquid, neither rising nor sinking. The spe¬ 
cific gravity of the liquid (and therefore of the crystal) may then be 
quickly determined by the use of the Westphal balance, shown in 
Fig. 105. By hanging suitable weights on the long arm at the end, or 
at a decimal division, until the sinker remains suspended in the liquid 
and the balance is in equilibrium, the specific gravity may be read 
from the number, kind, and position of the weights. Heavy liquids 
are used to separate the powdered crystal aggregates; when the 
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powder is put into the liquid, the heaviest crystals will sink to the 
bottom and others will rise to the top. Those on top may be decanted 
off, or otherwise removed, and the process repeated with a lighter 
liquid. The process of settling is very slow with fine powders; it 
may be hastened by removing the air from the powder by means of 
suction from a vacuum pump. It may be expedited much more by 
the use of a centrifuge. The most important '' heavy solutions '' for 
measuring specific gravity or separating powders are Thoulet’s solu¬ 
tion, methylene iodide, and Clerici’s solution. A cheaper substitute 
for these is s-tetrabromoethane. 

Thoulef s solution is a very poisonous solution of iodide of potas¬ 
sium and mercury, which may be readily prepared by heating 270 gm. of 
mercuric iodide and 230 gm. of potassium iodide in 80 c.c. of distilled 
water in a porcelain evaporating dish on a water-bath. After a little 
evaporation, a crystal of fluorite (G. =3.18) will float on the liquid, or 
a crystalline film will form on the surface. Upon cooling, the density 
reaches about 3.10; the liquid should be transparent and of a yellowish 
green color; it is stable, provided a few drops of mercury are added; 
otherwise, iodine slowly separates and darkens the color. It may be 
diluted with water in any proportions and subsequently reconcen¬ 
trated by evaporation. 

Methylene iodide is a thin, light-yellow fluid of high refractive index 
and maximum density of about 3.3, which cannot be diluted with 
water or alcohol (which spoil it), but mixes in all proportions with 
benzol or ether. It is moderately stable in air, and slowly darkens in 
sunlight; a drop of mercury retards the darkening. It is so mobile 
that very fine powders may be separated—much finer than can be used 
in Thoulet’s solution. The cleaning of the recovered powder is very 
simple, being accomplished by washing with benzol. Methylene 
iodide may be used in separating minerals which are soluble in water. 
It is quite expensive. 

s-Tetrabromoethane has a maximum density of 3.0; it may be 
diluted with benzol, ether or toluol, and restored to the maximum 
by evaporation. It is not decomposed by ordinary inorganic crystals, 
not even by sulphide crystals. For crystals of specific gravity below 
3 it is widely used, being cheap, convenient to use and constant in 
physical characteristics. 

Clerici’s solution is a mutual solution of thallium malonate, 

^^Rend, Accad. Lincei, Roma, XVI, 1907, p. 187 and XXXI, 1022, p. 116; see also 
H. E. Vassar: Am. Mineral, X, 1925, p. 123. 
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CH2(C00T1)2 and thallium formate, HCOOTl, which is remarkable 
for its high density of 4.25 at ordinary temperature and about 4.65 at 
50® C. It may be diluted with water in any quantity and recon¬ 
centrated by evaporation. It is more mobile than Thoulet’s solution, 
odorless and slightly amber colored. At ordinary temperature the 
solution is quite stable; it is able to attack sulphides when heated. 
It may be prepared by dissolving the dry salts in water; 7 gm. of each 
will dissolve completely in i c.c. of water. It is quite expensive, but 
the high density and convenience of use make it indispensable for some 
purposes. 

Fusibility.—Most crystals melt at high temperatures; the relative temperatures 
of melting determine their fusibilit3^ The approximate relative fusibility is 
usually expressed in terms of the following scale: 


ScALK OF Fusibility 


Num¬ 

ber 

Mineral 

Approximate 
Fusing Point 

1 

1 

! Notes 

I 

Stibnite 

525" C. 

Fuses easily in a candle flame 

2 

Chalcopyritc 

Soo° C. 

Fuses slowly in a gas flame 

3 

Almandite 

1050° C. 

Only finest splinters rounded in a gas flame 

4 

Actinolite 

1 200° c. 

Standard-size fragments are rounded easily 
before the blowpipe 

5 

Orthoclase 

1300^ c. 

Standard-size fragments arc rounded with 
difficulty before the blowpipe 

6 

Bronzitc 

1400° c. 

Only finest splinters rounded on points with 
difficulty before the blowpipe 

7 

Quartz 

Above 1400^ C. 

Entirely infusible before the blowpipe 


A fragment of standard size is 1.5 inm. in diameter. 

A crystal which melts more easily than actinolite and less easily than almandite 
is said to have a fusibility of three and a half, or, in brief, F. =3.5. 

Fusibility is rarely employed in the microscopic study of crystals, but grains 
of powders may readily be tested in this way. 

Electrical conductivity is of some importance, because the development of 
electrostatic charges depends upon it. Most crystals are very poor conductors 
of the electric current, but strictly opaque crystals are commonly good conductors. 
Electrostatic charges may be produced, under suitable conditions, in good con¬ 
ductors, which may thus be separated from bad conductors. For example, if a 
mixture of ilmenite and monazite, or of pyrite and quartz or calcite, is placed on a 
good conducting surface, such as a copper plate, and dried thoroughly, and a flat¬ 
tened stick of sealing wax, which has been previously excited by rubbing, is brought 
near, grains of the former mineral (in each case) will be attracted to the sealing 
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wax, and may be thus entirely separated. The method may be applied to rock 
and ore powders. 

Magnetism in crystals varies very greatly. A few mmerals in their natural 
state are attracted by a strong steel magnet; they are said to be magnetic; the 
only common mineral exhibiting this property is called magnetite because of it. 
Some other minerals show the same property in less and variable degree; these 
include hematite and pyrrhotite. But in a very strong electric field, like that 
between the poles of a powerful electromagnet, all crystals are influenced by the 
magnetic force. If they are attracted to the poles they are called paramagnetic; 
if they are repelled they are called diamagnetic. Most crystals which contain 
iron are paramagnetic; diamagnetic crystals include calcite, quartz, and apatite. 
This method is in use in the separation of ore minerals from gangue and is of value 
in separating powders. 
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APPARATUS AND PREPARATION OF MATERIAL 

Microscopes. —^As an optical instrument, a microscope is merely a 
set of lenses arranged so as to produce an image larger than the object. 
The most distinctive feature of a polarizing microscope is the device 
for changing ordinary light into light vibrating in a single plane. 
Every polarizing microscope has at least two such devices, called 
Nicol prisms, or simply nicols, one being placed between the mirror 
and the condenser and the other above the objective. Both nicols 
can be removed from the path of light, if desired, and, in some micro¬ 
scopes, they can be rotated singly or together. The essential quality 
of these nicols consists in their power to eliminate one ray and allow 
the passage of the other, vibrating in only one plane. 

For nearly all preliminary work the objective of low magnifying 
power is most suitable. It is the one of longest focus and largest lower 
glass lens. 

In order to avoid the possibility of crushing the object, the micro¬ 
scope should always be focused by lowering the tube while observing it 
from the side, and then raising it to its focus while looking through the 
instrument. 

The magnification ^ produced by the microscope is the product of 
that caused by the objective and that effected by the ocular. By 
observing a scale of small divisions (called a micrometer) etched on 
glass and placed on the stage of the microscope, through the ocular 
which contains a similar scale in its focal plane (F2 in Fig. 106), it is 
possible to measure the magnification produced by each objective, and 
also to determine the relative value of the smallest divisions in the 
ocular micrometer with each objective, so that these divisions can be 
used to measure other objects. 

A polarizing microscope, made by Swift, of London, is illustrated 

^ It also varies with the tube length and depends upon the distance of distinct vision of 
the observer's eye. 
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in Fig. 107. One of the unusual features is the absence of a rotating 
stage; angular measurements of extinction angles, etc., are made by 


rotating the nicols instead 
of the stage. This ar¬ 
rangement obviates the 
necessity of recentering 
objectives after each 
change. The sub stage 
arrangement is e.specially 
convenient, as three con¬ 
densers of varying power 
arc provided, and are easily 
interchangeable; the pos¬ 
sibility of using an oil im¬ 
mersion condenser with a 
large angle objective and 
no rotation of the stage 
renders this microscope 
particularly valuable in 
the examination of small 
mineral grains and pow¬ 
ders. 

A polarizing micro¬ 
scope which is remarkable 
on account of the excel¬ 
lence of its mechanical 
construction is made by 
Winkel .2 In this instru¬ 
ment special provision is 
made for securing clear 
interference figures even 
from very small crystals. 
It is also equipped with 
a revolving nose-piece, 
which permits rapid 
changing of the objectives 
and makes recentering im- 



necessary; it is not even necessary to refocus (except with the fine 


“GSitingen, Germany; these “Winkel-Zeiss” microscopes are sold by C. Zeiss of 
Jena, Germany. 
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adjustment) when changing from the low to intermediate power, or 
vice versa. This microscope, shown in Fig. io8, has ample working 
distance to permit the use of the universal stage. 



Fic. 107.—.\ polarizing microscope made by Swift. 


A recent type of microscope made by Leitz ® is illustrated in Fig. 
109. In this model the nicols may be rotated together through an 
angle of 240°, and during rotation the analyzer and Bertrand lens may 
be removed or inserted at any position. The cross hairs of the ocular 


® Wetzlar, Germany. 


MICROSCOPES 


45 


remain parallel with the vibration planes of the nicols at all positions 
of rotation. It is equipped with a special clutch and objective adapters 
which make reccntcring unnecessary. It is designed with special refer¬ 
ence to the use of the FedorofI universal stage. 



Fig. io8. —Winkel-Zeiss polarizing microscope. 


The only polarizing microscopes made m America for laboratory use 
are those of Bausch & Lomb, of Rochester, N. Y., one type of which is 
illustrated in Fig. no. In this model the condenser may be lowered or 
thrown out of the optical system; the upper nicol slides in or out of 
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the tube. Diaphragms to cut down the field are provided, one below 
the stage and another below the ocular. The upper nicol may be 
rotated 90°, and the polarizer may be rotated through 360°. The cen¬ 
tering screws above the objective work parallel with the cross hairs. 



Fig. III.—Fedoroff universal stage. 


The polarizer may be lowered or even swung entirely out of the optical 
system. It is designed to receive the universal stage. Another 
Bausch & Lomb polarizing microscope has rotating nicols. 

The universal stage of Fedoroff (Fig. in), is a device which is 



Fig. 112.—The modified universal stage. (Bausch & Lomb.) 


intended to replace, or be used upon, the ordinary stage of a petro¬ 
graphic microscope; its chief feature is the provision for inclining or 
rotating the stage, not only about the axis of the microscope (as in the 
ordinary stage), but also about other axes which are horizontal or make 
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variable angles with the axis of the microscope. Another essential 
feature of the universal stage is the presence of glass hemispheres, 
one above and one below the stage bearing the thin section. With 
these two features provided, it is possible to observe the effects of a 
thin section or fragment of crystal upon light passing through it not 
only normal to the microscopic stage, but also at any angle ^ to that 
plane in any direction from the normal. Furthermore, the universal 
stage is equipped with scales so that the angular rotation about any of 
its axes may be read off directly. The universal stage as modified by 
Emmons, (see Fig. 112), has six axes of rotation; it is described more 
fully in Chapter VIII. 

Refractometers.—Any apparatus designed especially to measure 
the index of refraction of a substance is called a refractometer. If the 



Fig. 113.—Smith’s refractometer. 


substance is a solid which has, or can be given, a prismatic shape of 
suitable angle very accurate measures of the refractive index can be 
obtained by passing the light through the prism and obtaining the 
position of minimum deviation. This requires an accurate measure of 
the angle of minimum deviation and also of the angle of the prism. 
The method is not easily applied to liquids and cannot be used to 
measure the refractive index of solids in a finely powdered state. The 
refractive index is more frequently measured by the method of total 
reflection; for this purpose several refractometers are available; a 
very simple type giving only approximate results was designed by 

* Theoretically the limit of this angle is 90®, but this requires that the crystal, the 
immersion liquids, the glass slide, the cover glass, and the glass hemisphere all have 
exactly the same index of refraction; practically, the ordinary limit of this angle is about 
60° or 70®. 
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G. F. H. Smith and made by J. H. Steward of London; more accurate 
measures can be obtained by means of the type designed first by E. 
Abbe and now made with various improvements by Zeiss, Bausch & 
Lomb, Spencer, and others. 

Smith’s refractometer, shown in Fig. 113, is an apparatus devised 
to measure index of refraction by means of its relation to the critical 
angle. Any liquid is applied directly to the flat surface of a hemi¬ 
sphere of dense glass, having a refractive index of 1.79, and so inclined 
to the axis of the instrument that the center of the field corre.sponds 
to an index of 1.61. At the eyepiece of the instrument, a scale is 
seen within, across which falls a boundary between light and dark, 
which is the line limiting total reflection for the substance under exam¬ 
ination. From the scale, the index is read at this line directly to the 
second place of decimals, and the intervals are such that the tenths 
of each can be estimated. The index of any solid may be determined 
just as easily and satisfactorily, provided a liquid whose index is higher 
than that of the solid be interposed between a polished surface of the 
solid and the flat surface of the hemisphere. This liquid is necessary 
in order to eliminate the air film which is otherwise present. Methyl¬ 
ene iodide (with or without dissolve<l sulphur) is a convenient liquid 
for this purpose. 

Total reflection refractometers equipped with Abbe prisms as 
made by Zeiss, Spencer, and Bausch & Lomb arc shown in Figs. 
114-116. The Abbe prisms are two similar, flint glass prisms of high 
refractive index. The refractive index of liquids (and also of solids) 
varies with the temperature; therefore it is important to measure the 
index at a temperature which can be controlled and measured. For 
this purpose the Abbe prisms are cemented in hollow mounts through 
which water of variable temperature can be circulated. A thermom¬ 
eter serves to give the temperature of the water passing through the 
prism mounts; the liquid whose index is to be measured forms a thin 
film between the prisms and is therefore at the same temperature as 
the prisms. The border line of total reflection is observed by means of a 
telescope, and to bring this line to the intersection of the cross hairs the 
Abb6 prisms are rotated about an axis perpendicular to the axis of the 
telescope. When the index of refraction of a solid is measured only 
one Abbe prism is used and contact between the solid and the prism 
is obtained by means of some liquid. The index of refraction of the 
contact liquid and of the Abbe prism must be higher than that of the 
substance. An Abb6 refractometer is less expensive and is neverthe- 
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Fig. 114.—Zeiss refractometer. 


Fig. 115.—A Spwncer refractometer. 


which are necessary when using white light, but quite unnecessary for 
the measurement of refractive indices by monochromatic light. 



Fig. 116.—Bausch & Lomb monochromator and refractometer. 


Differences in the Abbe refractometers of different manufacturers 
can scarcely be noticed in the optical effects; but the instruments do 
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differ somewhat mechanically. For most purchasers, therefore, the 
personal preference for a mechanical design decides the instrument 
to be selected. Reference is made particularly to the methods of 
coarse and fine adjustment that can be seen in the figures. 

The chief disadvantage of total reflection refractometers as used in 
immersion work with solids is that, as ordinarily made, they cannot be 
used to measure indices greater than about 1.70. However, Spencer 
has recently designed and made available an instrument reading from 
1.45 to 1.84; this instrument in its present form is not to be considered 
a substitute for the Abbe rcfractometer of standard range (1.30-1.71), 

because it employs prisms of 
soft, slightly yellow, glass 
which require very careful 
use. The prism surfaces 
should be cleaned only with 
fresh lens paper (to avoid 
scratching). Liquids of 
high refractive index must 
not be left on the prism 
surfaces longer than nec¬ 
essary because such liquids 
almost invariably contain 
iodine, which tends to com¬ 
bine with the lead in the 
high-index special glass used 
in the prisms, forming an 

Mo. I ,r.-A Uitz monoci.romai<,r. film on their surfaccs. 

7 'his apparatus is almost in¬ 
dispensable for measuring indices above 1.74 by the double variation 
method. It is shown in Fig. 115. 

Monochromators.—For the accurate measurement of optic proper¬ 
ties of solids, monochromatic light is necessary, because these properties 
vary with the wave length, and ordinary daylight is constant in 
quality. Monochromatic yellow (red or green) light can be obtained 
by vaporizing sodium (lithium or thallium), for example, by placing 
a piece of NaCl on a Meker burner in a dark room, but a more con¬ 
venient and useful source of any kind of monochromatic light consists of 
one or more prisms arranged to produce a spectrum before which a slit 
may move so as to permit the passage of light from only one narrow por¬ 
tion of the spectrum. Such an instrument is called a monochromator. 
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The Bausch & Lomb monochromator illustrated in Fig. ii6 uses a 
constant deviation prism; the wave length may read directly. All the 
optical elements and moving mechanical parts are completely enclosed 
to eliminate dust and stray light, which will seriously impair the effi¬ 
ciency of the apparatus. The wave length may be read on a large 
drum, conveniently placed. 

The Lcitz monochromator shown in Fig. 117 is similar in principle, 
but does not provide direct reading of the wave length; it has a gradu¬ 
ated drum which must be calibrated. 



Fig. 11 8 . —Bausch & Lomb set-up of the double variation apparatus. 


E mm ons* double variation apparatus.—Bausch and Lomb have 
assembled on a special base an arc lamp, monochromator, polarizing 
microscope (with space for the universal stage) and Abbe refractometer 
according to a design worked out by R. C. Emmons for convenient 
use in measuring the two or three indices of refraction of a single 
crystal particle under the microscope by the double variation method. 
This apparatus is shown in Fig. 118. 

Preparatioii of Material for Microscopic Study.—^Artificial inorganic solid 
substances are often obtained by precipitation from solution; such substances 
should be separated from the solution as the first step in preparing them for micro¬ 
scopic study. To make this separation complete, the substance is usually dried 
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either by merely allowing the remaining liquid to evaporate, after decantation or 
filtration, or by applying more or less heat. In either case, but especially if heat 
is used, it is important in some cases to make sure that the process has produced 
no change in the substance. To avoid producing any change in the substance 
the drying should be accomplished slowly with no more increase in temperature 
than necessary. 

Dry substances may be prepared for microscopic study in two different ways: 
they may be reduced to a fine powder by crushing (grinding is not desirable) or 
they may be ground to a thin slice or thin section. 'Fhe first method is accom¬ 
plished much more easily and quickly and is therefore preferred except when it 
prevents attaining some purpose of the study, such as learning the mutual rela¬ 
tions of the constituents of a solid aggregate like brick or cement. 

A dry substance which is finely powdered should be brought to approximate 
uniformity of size by sieving. The largest particles which pass a 240 mesh sieve 
are suitable for microscopic study, being about .06 millimeter in their major 
dimensions. The sieve should be of accurate construction, so that the openings 
are of knowm and uniform size. For most purposes of the microscopist it should 
also be of small size, such as the 3-in. size made by the Tyler Company of Cleve¬ 
land or the Multimetal Company of New York. The purpose of sieving is two¬ 
fold; namely, to eliminate both the particles which are so large they would unduly 
raise the cover-glass and also the particles which are so small they can not be 
studied satisfactorily themselves and serve merely to cloud the other particles. 
Such extremely fine particles are common in some precipitates, such as the ordinary 
precipitate of BaS04, and also in ordinary clay. 

When a dry substance has been powdered and sieved it is sufficient for some 
purposes to put the particles on a glass slide, place a cover glass over them and 
immerse them in water by placing a drop at the edge of the cover glass; capillarity 
will draw it under the cover glass. Water has an index of refraction (1.33) which 
is much lower than that of nearly any solid substance; it is better for most pur¬ 
poses of microscopic study, and necessary for some purposes, to use a liquid whose 
index of refraction is nearer that of the solid. Liquids easily obtained and con¬ 
venient in use include glycerine, N = 1.46; xylol, N = 1.49; cedar oil, N ~ 1.51; 
dove oil, N == 1.53; monobrombenzol, N = 1.56; bromoform, N = 1.66; and 
cassia oil, N = 1.606; a-monobromnaphthalene, N = 1.66; and methylene iodide, 
N == 1.74. For permanent mounting, Canada balsam (N = 1.54) is most con¬ 
venient. By evaporating the balsam at a gentle heat until a minute drop taken 
out on a pin point and chilled on the thumb nail is hard rather than pasty, it is 
made ready for use. Or a solution of balsam in xylol may be used; the xylol grad¬ 
ually evaporates, leaving balsam of proper consistency. To prepare a permanent 
mounting, it is best to cover the center of the glass slide with a layer of balsam and 
scatter the fragments upon it; then add a cover glass whose lower surface has a 
thin coating of liquid balsam. In this way the fragments can be scattered some¬ 
what uniformly and not crowded together on the slide. 

Occasionally it is desirable to prepare thin sections of fragments. This may be 
done by embedding them in balsam on a cover glass which is itself cemented by 
balsam to a thicker glass plate. The mineral ragments should be pressed deep 
into the balsam. After the latter is well hardened, the surface is ground off imtil 
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the fragments are reached and given a smooth polish. After thorough cleaning, 
the cover glass is removed by rapid heating of the glass plate and cemented in 
inverted position to a second glass plate previously given a thin layer of balsam. 
While cooling, the cover glass should be under moderate pressure so as to push 
the polished solid surfaces down upon the glass plate. After grinding away the 
cover glass, the fragments are given second surfaces parallel to the first ones, and 
are carefully ground until sufficiently thin. Then they are cleaned and made 
ready for study by simply cementing a cover glass over them. 



CHAPTER in 


OPTIC PROPERTIES OF ISOTROPIC SUBSTANCES 

Light is a form of energy which may be considered to consist of a 
wave motion in the ether. Waves of light are very short; the wave 
length of the yellow light of sodium is o.oooo’3 of an inch or 0.000589 
of a millimeter. The period of vibration of light is extremely short, 
about 510 million million vibrations of sodium light occurring in one 
second. Light travels with great velocity, about 186,000 miles per 
second. The velocity of light of all wave lengths is the same in a 
vacuum; therefore, the period of vibration is exactly proportional to 
the wave length. Ether waves of different periods of vibration (and 
of different wave lengths) give rise to different colors of light. The 
wave length of violet light, at one end of the spectrum, is about 0.000380 
mm., while that of red, near the other end, is about 0.000760 mm. 
The velocity of light is less in most substances than in a vacuum, and 
varies with the substance and also with the wave length; therefore, 
in any medium, whether gaseous, liquid, or solid, violet light has one 
velocity and red light another, which is greater. 

Wave-front.—If wave motion of light be produced at a point in a 
vacuiun, it will be transmitted outward from the point in all directions 
at the same velocity. Therefore, at any instant, all points in the same 
phase will be equally distant from the point of origin. The focus of 
all these points is called the wave-front, and in this instance it is a 
spherical surface. If the wave motion originated in a plane instead 
of a point, it would be transmitted in spherical waves from every 
point of the plane; and the plane tangent of all these waves on each 
side of the plane of origin would be the wave-front. If the wave 
motion were transmitted from a point at velocities varying gradually 
with the direction, the wave-front would be a warped surface of some 
kind. 

The line along which the wave motion travels from the point of 
origin to any point on the wave-front is called a ray. In a vacuum 
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the light ray from the point of origin to any point on the wave-front 
is perpendicular to the tangent plane at that point. 

Isotropic substances (like the ether of a vacuum) transmit light with 
equal velocity in all directions. They include all gases, most liquids, 
and all glasses and isometric crystals, when not under strain. 

Anisotropic substances transmit light with unequal velocities in dif¬ 
ferent directions; they include all crystals, except those of the isometric 
system which are unstrained. Glass under strain is also anisotropic. 
In non-isometric crystals the velocity varies gradually with the direc¬ 
tion in such a way that most sections of the wave-front are elliptical. 
In Fig. 1 i8(Z it may be seen that the light ray from the point of origin 
to any point on the wave-front is not perj^endicular to the tangent 
plane at that point except when the ray coincides with the major or 

minor axis of the ellipse. The line 
VW perpendicular to the tangent 
plane is called the wave-normal. 
When the wave-front is an ellip¬ 
tical surface, as in Fig. ii8a, the 
wave-normal does not coincide with 
1 he light ray except in the directions 
of the principal axes of the ellipse. 
In isometric crystals the wave-front 
is spherical; in all other crystals it 
is ellipsoidal. 

Refraction.—When light strikes 
a boundary between two isotropic substances, that portion which 
penetrates the second medium is, in general, turned somewhat from 
its previous direction. This is called refraction, and the property 
(of the substance) to which it is due is called refringence. 

For monochromatic light and isotropic substances, the velocity in 
one medium divided by the velocity in another medium is constant; 
it is commonly denoted by N, then: 



Fig. ii8a.- 


“Wave-front in an 
substance. 


anisotropic 


jsj- — ^ _ sm^ 
v' sin r 


that is, the constant N is equal to the ratio between the velocities of 
light in the two substances and this is the same as the ratio between 
the sine of the angle of incidence and the sine of the angle of refraction. 
Also, the incident and refracted rays lie in a common plane with the 
normal to the surface (assuming both substances to be isotropic). 
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The velocity of light is less, the denser the medium—therefore, 

1 1. 1 sin i 

when light passes from a rarer to a denser medium, the ratio — = — 

V smr 

is greater than unity, the angle of refraction is less than the angle of 
incidence, and the refracted ray is bent toward the perj^endicular to the 
surface. Also, when light passes from a denser to a rarer medium, the 

. V sin 1. - , . , , ^ ^ , 

ratio = - IS less than unity, the angle of refraction is greater than 

V sin r 

the angle of incidence, and the refracted ray is bent away from the 
perpendicular to the surface. 

The constant N is called the index of refraction of the second 
medium as compared with the first. The medium chosen as a standard 
and assigned a refractive index of unity is the ether of a vacuum. Air 
has an index (1.000294) so near unity that it is commonly used as a 
more convenient standard. After measurement of the index of a sub¬ 
stance in any medium, as air, its index in a vacuum may be computed. 
It is equal to the index measured multiplied by the index (measured in 
a vacuum) of the medium used. 

The index of refraction of any substance varies for different colors 
of light and increases as the wave length decreases; therefore, the 
index for violet light is greater than for red, while the index for the 
yellow light of sodium (Na) is commonly used as an approximate mean 
value for all parts of white light. 

The refringence of a substance is its power to produce refraction of 
light; it is measured by its index of refraction. 

Microscopic methods for direct measurement of the index of 
refraction in thin sections are not as accurate as others; however, 
microscopic methods for comparing the indices of refraction of two 
substances in contact are of a high order of accuracy, and they may 
be used indirectly to determine indices by the use of normal illumina¬ 
tion or oblique illumination. 

Normal illumination.^—When the contact between two substances 
of unequal refringence is observed microscopically, a narrow band of 
light, sometimes called the Becke line,” may be seen under favorable 
conditions. Such a contact is usually inclined more or less to the object 
glass, so that each substance is thinner on the edge than away from it 

* The illumination best adapted for this method is “normal” in both senses; that is, 
it is normal or usual in contrast with the special illumination of the next method, and it is 
normal or at right angles to the plate (on the average) unlike the case of oblique illumi¬ 
nation. 
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(toward its center); therefore, each edge acts like that of an imperfect 
lens to refract and concentrate the light on one side or the other of the 
boundary, depending chiefly upon the relative values of the indices of 
refraction of the two substances. 

With powdered substances immersed in liquids nearly all the frag¬ 
ments are thinner on the edge than in the center and therefore act as 
imperfect lenses to refract the light, provided they differ in index 
from the liquid. If the fragment has a higher index than the liquid it 
tends to bring parallel light to a focus above the fragment; conse¬ 
quently, a slight raising of the objective from good focus on the par¬ 
ticle causes brightness within the area of the fragment. If the sub¬ 
stance has a lower index than the liquid it produces a virtual focus of 
previously parallel light below the particle, consequently, a slight 
lowering of the objective from good focus on the fragment causes 
brightness within the particle. In both cases the reverse motion of the 
objective causes a bright line of light outside the fragment while the 
particle itself becomes darker than the field in general. Therefore, 
the rule is that the bright line moves toward the substance of higher 
index when the focus is raised and toward the substance of lower 
index when it is lowered. 

In using this method it is necessary to employ a medium, or prefer¬ 
ably, a high-power objective and focus accurately upon the line of 
contact; then lower the condenser enough to notably darken the field 
of view (if the condenser cannot be lowered enough the mirror may be 
shifted or a diaphragm partly closed) and a very fine line of white 
light, clearer and brighter than the mineral on either side, may be seen 
very close to the line of contact. This bright line is the “ Becke line”; 
it moves toward the mineral of higher index when the focus is very 
slightly raised. The plane of contact should be normal or nearly 
normal to the plane of the section for the best results. 

Oblique illumination.—By the use of oblique illumination the same 
phenomenon may be made more distinct, so that differences of index 
as small as .001 may be detected promptly under favorable conditions. 
It is only necessary to shade part of the field so that the boimdary 
being studied is in the half-shadow portion of the field of view. The 
shading or darkening of part of the field may be accomplished by tilting 
the mirror, or by intercepting part of the light from the mirror in any 
way—^most conveniently by interposing the finger. In case the boun¬ 
dary is inclined it causes refraction much as the edge of a lens would do, 
as it does with normal illumination, and this effect is made more evident 
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by using oblique illumination. In case the boimdary is normal to the 
object glass the effect is easily understood from Fig. 119 in which A is 
any mineral surrounded by a second mineral (or liquid), B and B'. 
An inclined beam of light passing from B' into A is made narrower or 
condensed since each ray is refracted away from the perpendicular 
to the contact plane, while a similar beam of light passing from A into 
B is widened or dispersed by refraction toward the perpendicular. If 
the mineral is above the focus of the condenser when the edge appears 
bright (as in passing from B' to A) the mineral of higher refringence is 
on the side whence the light comes, and when the edge appears dark 
(as in passing from A to B) the mineral of lower refringence is on the 
side whence the light comes. 

If the mineral is below the focus of the condenser the effects are 
reversed. The reversal of the effect is due to the fact that the change 
of condition is equivalent to inserting the shade above or below the 
focus of the condenser, and therefore the direction of inclination of 

the light is reversed. To determine 
whether the crystal is above or below the 
focus of the condenser it is only necessary 
to move the condensing lens up or down 
until the edge of the finger or object shad¬ 
ing the mirror is in good focus; when the 
condenser is raised from this position the 
mineral is below the focus; when it is 
lowered from this position the mineral is above the focus. 

In using this method it may be noted that the direction of inclina¬ 
tion of the beam of light is reversed by the substage lenses and again 
reversed by the objective; hence the phenomena may be read as if 
no reversal took place. 

With Leitz microscopes the ordinary method of cutting off the 
light with the finger to secure inclined illumination gives poor results; 
good results can be obtained by using the brass frame of a gypsum or 
mica plate (inserted in its usual place) to produce inclined illumination. 
Even better results can be obtained by employing a special shader, 
recently devised for use immediately below the condenser. In this 
case the effects are reversed as compared with using the finger with 
other microscopes, because the condenser must be removed and there¬ 
fore the mineral is below the focus of the weak condensing lens which 
remains. 

As compared with crystals or other solids, liquids in general have 



Fig. 119.—Oblique illumination. 
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much greater dispersion, that is, they have much greater differences 
in indices for different parts of the spectrum. Therefore, if a crystal 
has exactly the same index of refraction as a certain liquid for yellow 
light, it will have greater rcfringence than the liquid for red light and 
less than the latter for blue light. Under these conditions if a frag¬ 
ment of the crystal is observed with inclined illumination in white light 
one edge of the fragment is colored by blue light and the opposite 
edge by red light. The blue edge will be on that side of the crystal 
away from the shadow (condenser being lowered), which is the side 
that is brightly illumined when the crystal is immersed in a liquid 
of higher refringence, or, without change of liquid, when monochro¬ 
matic blue light is used instead of white light. Accordingly, the appear¬ 
ance of pale red and blue edges on opposite sides of a crystal is evidence 
that the fragment has a refringence equal to that of the liquid for some 
intermediate color. For some of the immersion liquids—notably 
cinnamon oil—the dispersion is very great and strongly colored borders 
arc present even if the index for sodium light of the grain and the liquid 
differ in the second decimal place. 

Immersion Method-—Schroedcr van der Kolk brought into prom¬ 
inence a method to determine the refringence of minerals in fragments 
or grains. It consists essentially in immersing the fragment in a 
liquid of the same refringence, as determined by the method of normal 
or inclined illumination, and then measuring the index of refraction 
of the liquid. A liquid of the same refringence may be obtained by 
reducing the index by dilution or raising the index by evaporation, or 
it may be obtained approximately by preparing beforehand a set of 
liquids whose indices differ by only a small amount, for example, by 
0.01. Changes of temperature or of concentration through evapora¬ 
tion modify the refringence of liquids and should be avoided during 
use. The liquids recommended for this use by Larsen ^ are given on 
page 62. These liquids are selected partly because of relatively low 
dispersion. They may be kept conveniently in small dropping bottles 
with ground-glass dropper and cap, thus providing two ground joints 
to prevent evaporation. All the liquids, except as noted, will form 
suitable mixtures in any proportions with those next above and below 
them in the table. The index of refraction decreases with increase of 
temperature at the rate given for (i® C.) in the column headed dN/dT. 

A set of prepared liquids with a regular difference of index of 0.005 
may be obtained from the Eastman Kodak Company of Rochester, 
* U. S. Geol. Survey Bull, 679, 1921, p. 15. 
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IMMERSION MEDIA AND THEIR PROPERTIES 


Substance 

A at 
20° C. 

d.V 

dT 

Dispersion 

Remarks 

Water. 

I 

J 357 

i 

Sli^^ht 

0 00040 


Dissolves many minerals 
of low index. 

Dissolves many minerals 

Acetone. 

Ethyl alcohol. 

Slight 

Slight 

Ethyl butyrate. 

I 


Slight 

of low index. 

Methyl butyrate. 

Ethyl valerate. 

Amyl alcohol*. 

1 380 

1 393 

1.40C) 

.00042 

Slight 

Slight 

Slight 

Dissolves many minerals 

Kerosene. 

I .448 

1 

00035 

Slight 

of low index. 

Petroleum oil:t 

Russian alboline. 

1 .470 

00040 

Slight 


American alboline, . . . 

1 477 

00040 

Slight 


ValvoleneJ. 

I 502 

.00040 

Slight 

Will not mix with clove 

Clove oil. 

1 53 « 

00050 

Moderate 

oil. 

Mixes with petroleum oil 

Cinnamon oil§. 

Cinnamic aldehyde. 

1-585- 

1.600 
r.615 

.0003 

.0003 

* Strong 

Strong 

with difficulty; may be 
mixed readily with rape- 
seed oil, index of which 
is 1.471. 

a-Monobromnaphthalene| | 

1.658 

.00048 

, Moderate 


Methylene iodide. 

i- 74 ± 

.00070 

Rather strong 

Expensive, discolors on 

Methylene iodide saturated 

with sulphur. 

Methylene iodide, sulphur 

and iodides If. 

Piperine and iodides. 

Sulphur and selenium. 

Selenium and arsenic sele- 
nide. 

1.77S 

1.868 

1.68- 

2.10 

2.0- 

2 - 7 

2.72- 

3 - ^7 


Rather strong 

Rather strong 

Very strong 

Very strong 

exposure to light, but a 
bit of Cu or Sn will pre¬ 
vent this change. 


* Ordinary fusel oil may be used instead; it forms a milky emulsion with kerosene, which settles on stand* 
ing, so that the clear liquid can be decanted off. 

t Any of the medicinal oils may be used, such as Nujol. 

i Any clean lubricating oil, such as used in automobiles, may be used. 

Less expensive than cinnamic aldehyde, but the index of commercial oil is not definite. 

Mixtures of a-monobromnaphthalene with clove oil give liquids with less disptersion than those with 
cinnamon oil. 

f To xoo grams of methylene iodide add 35 grams iodofonm zo grams sulphur, 31 grams tin iodide (Snl4), 
16 grams arsenic iodide (Aslg), and 8 grams antimony iodide (Sblg), warm to hasten solution, allow to stand, 
and filter off undissolved solias. See H. £. Merwin: Jour. Wash, Acad. Scu^ HI, 1913, p. 35. 
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N. Y. This set begins preferably at about 1.440 and continues to 
1.740; the liquids above 1.740 change in index so rapidly that only the 
sulphur saturated methylene iodide (1.78) is desirable as permanent 
equipment. Such a set in bottles with ground-glass stopper elongated 
as a glass rod below and having a flat top is shown conveniently 
arranged in a substantial tray in Fig. x2o on page 64. 

A set of liquids convenient for approximate determinations, 
because preliminary measures of the indices of the liquids are unneces¬ 
sary, is given below. Most of these are easily obtained. But for pre¬ 
cise work the indices must be measured as difi’ercnt lots of the same 
material in some cases give results varying as much as 0.04: 


Index 

Liquid 

Index 

Liquid 

1-33 

Water 

1.56 

Monobrombenzenc 

1.36 

P 3 thyl alcohol 

1.50 

Bromoform 

1.44 

Chloroform 

1.60 

Cassia oil 

3-47 

Glycerine 

1.62 

Monoiodobenzol 

1.48 

Castor oil 

1.64 

a-MonochJornaphthalene 

1.49 

Xylol 

1.66 

o£-Monobromnaphthalene 

T -50 

Benzene 

1.70 

Cadmium borotungstate 

I-51 

Cedar oil 

1-74 

Methylene iodidef 

1-53 

Clove oil, or monochlorbenzol 

1.78 

Methylene iodide satu¬ 

1*54 

Fennel oil 


rated with sulphur 

1.55 

Nitrobenzene,* bitter almond 




oil, or anise oil 


* Alters when exposed to light. 

t The ioflinc which separates on exposure to light may be removed with copper. 


Immersion methods can be made much more accurate and useful 
by taking advantage of the variation of the index of refraction of liquids 
with variation of temperature or with variation of both temperature 
and wave-length, as described later. 

Index-variation methods with immersion liquids are designed pri¬ 
marily to accomplish the accurate measurement of the index (or 
indices) of refraction of any solid substance. They have several very 
important advantages over ordinary immersion methods of estimating 
the index of refraction, namely: 

1. Immersion methods give only a comparison of indices, while the 
index-variation methods give a direct measure of the index of refrac¬ 
tion. 

2. In order to learn the value of the index of refraction of a solid 
by the immersion method it must be immersed successively in several 
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different liquids, while the value can be learned with the index-varia¬ 
tion method by immersion in one liquid. When a large amount of a 
pure substance is available, this is not an important difference, but 
in the frequent case of a sample containing several substances, it is 
quite important, since it is difficult, if not impossible, to transfer a par¬ 
ticle (invisible without the microscope) from one liquid to another, 
and, even if the transfer is accomplished, it is very likely to introduce 
some of the first liquid into the second, thus changing its index. 
Index-variation methods are far superior to any other method in the 



Fig, 120. —Set of index-of-refraction liquids. 


study of soils and other powdered mineral aggregates, whether natural 
or artificial. 

3. Immersion methods give the value of the index of refraction 
with an accuracy of about ±.003 under favorable conditions, while the 
index-variation methods reach an accuracy of at least ±.001 under 
similarly favorable conditions. This increase in accuracy is extremely 
important because it permits correspondingly accurate calculations 
of the birefringence, the optic sign and the optic angle, and thus makes 
possible the precise determination of the substance in many cases 
left doubtful by immersion methods. 

4. Immersion methods give information regarding the index of 
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refraction for one vibration direction in the mineral; they are often 
not sufficiently accurate to determine whether the index is the same 
or slightly different for different vibration directions; on the other 
hand, the index-variation methods measure the index directly and 
therefore permit the recognition of differences in the index in different 
directions even when these are less than .001. 

5. Immersion methods give information regarding the index of 
refraction in daylight or sodium light; they are not sufficiently accu¬ 
rate to give data regarding the dispersion; on the other hand, the 
double variation method measures the index of refraction in sodium 
light and also the index for other wave lengths, and therefore it 
measures the dispersion, thus furnishing an additional means of 
determining the substance. 

There are two types of index-variation methods which deserve 
attention; one kind uses only one means of varying the refractive 
index and may be called the single variation method; the other kind 
uses two means of varying the refractive index and may be called the 
double variation method. 

The single variation method (also called the dispersion method) as 
proposed by Merwim^ and developed by Tsuboi,^ depends upon varia¬ 
tion in wave length (or color) to vary the index of the liquid. This 
method is far superior in accuracy to the ordinary immersion methods, 
but requires equipment which is nearly as expensive as that required 
for the double variation method and is not as convenient as the latter. 
It requires the use of special equipment consisting of a dark room, a 
monochromator and a refractometer. The technique of measuring 
indices of refraction by this method is the same as that involved in using 
the double variation method with the single exception that all measures 
are made at room temperature and therefore many more liquids are 
required than are needed for the double variation method. 

The single variation method of Emmons ^ depends upon variations 
of temperature to vary the index of the liquid. This method is as 
accurate as Merwin’s method, if carried out with a dark room, sodium 
light, a refractometer and a de\dce for controlling and varying the 
temperature. Even without the refractometer accurate results can 
be obtained if suitable liquids of known index and known thermal vari¬ 
ation of index are available. 


^Jour. Am, Cheni, Soc,, XLIV, 1922, p. 1970. 

* Joiir . GeoL Soc. Tokyo, XXXII, 1925, No. 377; Mineral Mag., XX , 1925, p. 108. 
^ Amer. Mineral, XTII, 1928, p. 504. 
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The single variation method of Emmons requires the use of a 
special cell shown in Fig. 121 designed so as to make it possible to 
vary the temperature of the immersion liquid through a suitable 
range, such as 10° to 50° C. The cell is used on the stage of an ordinary 
polarizing microscope; water of variable temperature passes through 
it between parallel glass windows; the upper glass window is thin to 
reduce thermal insulation; on its upper surface the crystal grain or 
powder is mounted in an immersion liquid and protected by a cover 
glass in the usual way. The temperature is measured by means of 
two ordinary thermometers, one giving the temperature of the water 
before it enters the cell and the other giving its temperature after it 
leaves the cell (or, after it leaves the refractometer, if one is used). 
In practice it is safe to assume that the immersion liquid has the same 
temperature as the water when the readings of the two thermometers 
differ by no more than one degree. 

The theory of the single variation method of measuring index of 

refraction is very simple, depending 
merely on the two facts that the 
index of refraction of liquids de¬ 
creases as the temperature rises, 
while that of solids, though decreas¬ 
ing slightly, is so nearly constant 
KIO. I.i.-Emmons- temperuture cell for temperature range cm- 

ployed causes changes, m general, 
only in the fourth or fifth decimal place. Therefore, by using a suitable 
liquid and varying its temperature the index of the liquid can be made 
to equal exactly that of the mineral. When this is accomplished the 
“ Becke line ” disappears and the particle becomes nearly invisible. 
Then the index of the same liquid can be read on a refractometer which 
is connected with the same water circulation and is therefore at the 
same temperature. If no refractometer is available it is necessary to 
assiune that the index of the liquid is exactly the same as it was when 
measured at some previous time, perhaps before its purchase. In 
order to make this as probable as possible it is important to use only 
liquids which are pure compounds rather than solutions or mixtures 
because then there is no variation in index with varying concentration 
during evaporation. It is also important to use liquids of high ther¬ 
mal variation of index, and to have a series of liquids representing all 
indices of refraction from about 1.40 to the highest available (about 
1.74), with moderate overlaps. The set of liquids recommended 
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by Emmons is given in the following table, which also includes data 
as to their index of refraction and thermal variation of index. The 
purity of these liquids is extremely imr)ortant, as small amounts of 
impurities destroy their value for index work. 


Single Variation Liquids 

Nf) at 25” C. 

dSIdT 

r. Methylene iodide. . 

J -737 

0.00068 

2. Methylene iodide -f- iodohenzene. 

1 715 

,00065 

3. a-Iodonaphthalene. | 

1.6gg 

.00047 

4. a*Iodonaphthalene -f- a-bromnaphlhalenc.| 

I-675 

.00047 

5. Orthobromiodobenzene. . 

1.661 

.00048 

6. Phenylisothiocyanate. 

1.647 

.00056 

7. y-Tetrabromoethane. 

I b 34 

.00053 

8. lodobenzene. . 

1.616 

.00057 

9. Bromoform*. . 

i 594 

.00060 

10. Aniline. 

1-583 

.00052 

II. Orthotoluidine. . 

J • 569 

.0005I 

12. Nitrobenzene. 

I ■549 1 

.00048 

13. Ethylene bromide. 

1-535 

.00056 

14. Propylene bromide. 

1.516 

.00054 

15. Pentachlorethane. 

1.501 

.00048 

16, Methyl furoate. 

1.485 

.00045 

17. Methyl thiocyanate. 

1.466 

.00054 

18. Isoamylsulphide. 

1.451 

.00045 

JQ. Ethyl dichloroacetate. 

1-434 

.00047 

20. Ethyl monochloroacetate. 

1-419 

i .00047 

1 


• Bromoform will be replaced by a liquid of less volatility when possible, because when used hot it is neces¬ 
sary to replenish the supply often. 


The double variation method ® makes use of two methods to vary 
the index of the liquid, namely, change of temperature and change of 
wave length (color) of the light employed. The index of refraction of 
liquids increases as the wave length of the light decreases, and this 
variation (known as dispersion) is greater (in general) for liquids than 
it is for solids. Also, as already noted, the index of refraction of liquids 
decreases as the temperature increases, and this thermal variation of 
index is considerable in many liquids and negligible (affecting only 
the fourth or fifth decimal place) in crystals. Therefore, by using 
both these methods of varying the index of liquids, it is possible, not 
only to reduce the number of liquids which must be employed, but 
also to make the index of the liquid exactly equal to that of the solid 
at several different wave lengths (and temperatures) and thus deter- 

®R. C. Emmons: Amer. Mineral, XI, 1926, p, 115; XIII, 1928, p. 504; XIV, 1929, 
p. 414, 441, 482. 
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mine the standard index in sodium light and also in all other kinds of 
light in many cases with a single immersion liquid; knowing the index 
throughout the spectrum the dispersion is easily derived. Theoret¬ 
ically this method can be used with pure liquids of known thermal and 
chromatic variation of index and no additional apparatus except the 
special cell described in connection with the single variation method 
and a burner to give “ monochromatic ” red light with lithium, yellow 
light with sodium, and green light ivith thallium salts in a dark room. 
However, it is much better to use a monochromator and a refractom- 
eter, so as to be able to measure the index of refraction of the same 
liquid in which the substance is immersed, employing the same tem¬ 
perature and the same wave length of light as that used while observing 
microscopically that the index of the liquid is equal to that of the 
solid. 

For the double variation method of measuring index of refraction, 
liquids should be pure compounds having high chromatic and high 
thermal variation of index, and they should be selected so as to in¬ 
clude the greatest possible range in index of refraction (from 1.40 
upwards) with no interruptions and with considerable overlaps. It 
is one of the advantages of this method that it requires only 13 liquids 
to cover the same range as the set of 60 liquids used for ordinary immer- 


Double Variation Liquids 

AV' at 
50*^ C. 

A'/2 at 

25° c. 

A'/> at 

50^^ C. 

iVV at 
.so” C. 

dN/dT 

I. 

Methylene iodide. 

I 711 

1 737 

1.721 

1-747 

0.00068 

2. 

a-Iodonaphthalene. 

r 678 

1.609 

1 687 

1.714 

.00047 

3 - 

Qf-Iodonaphthalene -f 







a-bromnaphthalene. 

1 ^>54 

r 675 

1.665 

1.087 

.00047 

3 «* 

Orthobromoiodobenzene. 

1.640 

I. O60 

1. <>47 

1.665 

.00052 

4 » 

Phenyliso thiocyanate. 

1624 

i 647 

I 

1659 

.00056 

4a. 

5-Tetrabromoethane. 

1.611 

I (>34 

1.619 

1-635 

.00057 

5 * 

lodobenzene. 

1.596 

1.616 

I .602 

1.620 

.00057 

6. 

Bromoform. 

I 574 

1-594 

I 570 

1.592 

.00060 

7. 

Orthotoluidine. 

I 550 

1.569 

1.557 

1.572 

.00051 

8. 

Orthonitrotoluene. 

I 525 

I 544 

I 531 

1.548 

.00049 

8a, Ethylene bromide. 

1 519 

1.536 

1.522 

I - 535 

.00054 

9 - 

Propylene bromide. 

1.499 

1.516 

1.502 

1.511 

.00054 

9a, 

Pentachlorethane. 

1.483 

I -502 

1.489 

1.499 

.00048 

10. 

Methyl furcate. 

1.469 

1.485 

I 473 

I 485 

.00045 

IX. 

Methyl thiocyanate. 

1.449 

1.466 

I 452 

I 459 

.00054 

12. 

Trimethylene chloride. 

1.431 

1.446 

1-434 

1439 

.00049 

13. 

Ethyl monochloroacetate.... 

1.405 

1.419 

1.407 

I.412 

.00047 
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sion work with daylight. The liquids recommended by Emmons 
are given on page 68, with data regarding their index in sodium light, 
their dispersion and their thermal variation of index. These data are 
summarized in convenient form in Fig. 122 on page 69. 

DIRECTIONS FOR LABORATORY WORK 

Determine the relative refringence of two substances in contact by two dif¬ 
ferent methods. In using the method of normal illumination it is necessary to 
focus sharply with a high-power objective on the contact to be studied, and then 
lower the condenser, or partly close the substage diaphragm, or both, producing 
poor illumination of the field. I'his will render visible a fine bright line, close to the 
contact. When the focus is slightly raised the bright line moves toward the 
mineral or substance of higher index. The contact between any two substances 
in any thin section may be studied in this way, and differences of index as small as 
0.002 may be detected. Still smaller differences may be distinguished by the 
method of oblique illumination. For this method, low power objectives are used; 
the condenser is slightly lowered, and one-half of the field is darkened by inter¬ 
posing the finger or other object above the mirror so as to cut off one-half of the 
beam of light. If the edge appears darkened, the substance of lower refringence is 
on the side whence the light comes; if it appears brightened the reverse is true. 

By immersing minute fragments in liquid, determine, by both of the pre¬ 
ceding methods, whether quartz has a higher or lower index than (i) glycerine, 
(2) cinnamon oil or cassia oil. 

Single variation method. With equipment for the single variation method, 
first make a preliminary examination of the unknown material in powder form by 
the ordinary immersion method in daylight in order to learn the approximate re¬ 
fractive index, so as to be able to choose the proper immersion liquid for dispersion 
work. This step is quite unnecessary if the purpose in mind is to identify all the 
substances of an aggregate like a sample of soil; in that case a sample of the aggre¬ 
gate should be studied in each one of the liquids of the single variation set begin¬ 
ning with the one of the lowest index, until a liquid is reached which has a higher 
index than any substance in the aggregate. In case the aggregate contains one or 
more substances having indices higher than i.75±, these substances must be 
studied by other methods, such as immersion in piperine and iodides or in sulphur- 
selenium melts. When a grain is found not widely different in index from the index 
of the liquid at one of its extinction positions,the temperature of the liquid is raised 
or lowered as may be necessary to make the index of the liquid exactly equal to that 
of the substance. Of course, the temperature must be raised by circulating warm 
water through the cell, if the index of the liquid is higher than that of the sub¬ 
stance; otherwise, the temperature must be lowered. When the index of the 
liquid exactly matches that of the grain, the “Becke line” disappears and the 
grain becomes nearly invisible. Such a result can not be obtained with white light 
because of the difference in dispersion between the liquid and the solid. Mono¬ 
chromatic light is needed; it is easily obtained by vaporizing NaCl in a Bunsen 
burner flame in a dark room. Then the index of the same liquid should be read 
on a refractometcr using the same water circulation and therefore at the same 
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temperature. If no refractometer is available, the index of the liquid for the 
temperature in question must be taken from tables, such as given on page 67. 
Next the grain should be rotated 90® to its second extinction position and the 
temperature changed again until the index of the liquid again matches that 
of the solid, if that is possible. If that is not possible, it should be noted that the 
second index of the mineral is higher than the highest index attainable with the 
given liquid or lower than the lowest attainable. The next step is to roll the grain 
over to another position, unless other grains are available which are known to be 
the same substance. Then the index of refraction in both positions of extinction 
should be measured in the same way on the grain in the new position or on another 
grain of the same substance. Finally, the grain should be rolled over to a third 
position approximately 90® from both the preceding ones and the two indices of 
refraction measured once more. If several grains of the same substance are avail¬ 
able, it is usually sufficient to read the one index of refraction of a grain showing 
minimum birefringence and both indices of refraction of a grain showing maximum 
birefringence. The first index measured will be very near No or Nm. and the two 
others will be very near N,, and N,, or N^, and Np. After completing the task 
with a given immersion liquid, another sample of the aggregate should be studied 
in another immersion liquid in the same way. The data thus assembled should 
permit the identification of most, if not all, of the substances in the aggregate 
by the use of tables for the determination of substances by means of their optic 
properties. 

Double variation method.—With equipment for the double variation method a 
smaller number of liquids suffices to cover the same range of refractive indices 
(1.40-1.75zb). With this method one thermometer should give the temperature 
of the circulating water before it enters the special cell and the other after it leaves 
the refractometer. The same immersion liquid is put on the refractometer that is 
used to mount the sample. A monochromator is an important part of the equip¬ 
ment for this method; if necessary, monochromatic light from lithium, sodium and 
thallium salts can be used as a substitute. The ordinary refractometer reads 
directly in sodium light; a correction curve must be obtained from the instrument 
maker (or made) in order to convert readings at other wave lengths to their true 
values. Before using this method the same preliminary examination should be 
made as for the single variation method. Then the powdered sample should be 
mounted in a suitable immersion liquid on the thin upper glass of the temperature 
cell and protected with a cover glass. When the index of the liquid has been 
brought to equality with that of a grain at an extinction position the index of the 
same liquid should be read at the given temperature and with the same light on 
the refractometer. If this is accomplished first at a temperature of about 50° C. 
and with a wave length in green, a lower temperature, such as 35® C. should be 
used next. At this temperature the index of the liquid will be higher than before 
while that of the solid will be practically unchanged. By gradually increasing 
the wave length of the light, the index of the liquid will again become equal to that 
of the solid, perhaps in yellow. This result is due to the fact that increase of 
wave length lowers the index of the liquid faster than it does the index of the solid. 
By repeating this process for a third temperature and a third wave length, perhaps 
in red, three points can be found which will locate a curve representing the index of 
refraction of the solid for all wave lengths. From such a curve, illustrated in 
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Fig. 123, two optic properties of the solid substance may be read easily and accu¬ 
rately, namely, the index of refraction for sodium light (used because sodium light 
is obtained so easily and because this index is approximately equal to the mean 
value for white light) and the dispersion, or difference in index of refraction of the 
substance for different wave lengths. The standard difference used in expressing 
the dispersion is that between the index for thallium light and for lithium light, 
or, preferably, that for the F line in blue and the C line in red; this may be expressed 
briefly as - Nr. 

As a test of the double variation method, powder a fragment of quartz and 
immerse it in liquid number 8 (orthonitrotoluene) on the upper surface of Emmons’ 
temperature cell. Find a grain showing maximum interference colors. Using a 
monochromator and a refractometer in a dark room with the cell and rcfractometer 



Fig. 123.—Determination of refractive indices and dispersion of quartz by the double 

variation method. 

at 10® C. the higher index of the grain will equal that of the liquid at wave length 
587 and the refractometer reading will give as the index: 1.5537, thus locating the 
point Sy on Fig. 122; the wave length can not be increased sufficiently (within the 
range F-C) to make the index of the liquid equal to that of the grain in the other 
extinction position. Then, at 20° C., the points R and W can be located in the 
same way; at 35® C., the points P and V can be located; finally, at 50® C. the point 
T can be located. Next, trying a grain showing the lowest interference color, the 
single index of refraction will be found for various temperatures exactly along the 
line TVW, Therefore the mineral is uniaxial and positive. It is easy to read 
from the diagram that N 1.542 C, 1.544 Z>, 1.550 F, Ne « 1.551 C, 1.553 Z>, 
1.559 F'y therefore N*r ~ No « .009 and Nf — Nc *» .008. These are the correct 
data for quartz. 
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OPTIC PROPERTIES OF UNIAXIAL CRYSTALS 

Certain crystals, when properly oriented, resolve the complex 
vibrations of white light into vibrations acting in two planes, at right 
angles to one another. Such light is said to be plane polarized. Light 
whose vibrations take place in a circle or an ellipse is called circularly 
or clliptically polarized light. Such light is produced by certain sections 
of a few crystals of inferior grade of symmetry. 

Polarization.—The process of resolving the extremely complex 
vibrations of ordinary light into vibrations taking place in definite 
directions or in definite planes is called polarization. Light may be 
polarized in several different ways: 

Polarization by isotropic substances.—When ordinary light, which 
is vibrating in all directions normal to the direction of propagation, 
strikes obliquely the surface of an isotropic medium, it is divided into a 
refracted and a reflected ray, both of which are partly polarized. It 
seems to be true that those vibrations of the incident light which are 
most nearly perpendicular to the surface of the medium penetrate it 
most easily, while those vibrations which are most nearly parallel to 
the same surface are reflected most abundantly. Also, vibrations of an 
intermediate position seem to be more or less completely resolved into 
two components, one vibrating parallel to the surface and being re¬ 
flected, the other vibrating at right angles to the first and being re¬ 
fracted. The amount of the incident light which is polarized in this 
way varies with the angle of incidence; it should be none at all for 
absolutely normal incidence, and it increases to a maximum at that 
angle of incidence at which the reflected and refracted rays are at right 
angles. Therefore, at that angle of incidence which gives maximum 
polarization, N = tan i. 

In Fig. 124, the incident ray AO is vibrating in all directions normal 
to the ray; upon striking the surface of the new medium BC at the 
angle which gives maximum polarization, it is divided into a reflected 
ray OZ?, vibrating parallel to the surface and normal to the ray, and a 
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refracted ray OE, vibrating at right angles to the former and normal 
to the ray. 

Polarization by anisotropic substances.—The single plane surface 
of an isotropic substance produces polarization, which is commonly 
partial, but the innumerable regular layers of atoms of anisotropic 
substances produce complete polarization both in the reflected and 
refracted rays, except in a few special cases. In most cases, crystals 
produce plane polarized light, the position of the planes of vibration 
having a definite relation to the atomic structure of the substance. 
In some cases crystals produce circularly polarized or elliptically 
polarized light. Anistropic crystals not only polarize the reflected 
and refracted rays, but they also generally divide refracted light into 
two parts traveling at different rates and along different paths, 

and polarized in planes at right 
angles to each other. This di¬ 
vision of the refracted light 
into two rays is called double 
refraction, and the ability of a 
crystal to separate the two 
refracted rays is measured by 
its birefringence. All anistropic 
crystals produce double refrac¬ 
tion, but only a few have suffi¬ 
ciently strong birefringence to 
make the double refraction 
easily visible to the naked eye. 

Experimental double refraction.—If a small dot is viewed through 
a superposed cleavage piece of clear calcite, two images of the dot are 
seen; on rotation of the calcite one image remains stationary while the 
other revolves about the first. The light which produces the fixed 
image is called the ordinary ray, O, since it travels through the calcite 
just as it would through a piece of glass. The light which produces 
the movable image is called the extraordinary ray, E, since it does 
not travel through the calcite as though it were glass. The paths 
of the two rays of light through the calcite are shown in a vertical 
section in Fig. 125, in which A is the object (or dot), B is the fixed 
image produced by the O ray, and C is the image produced by the E 
ray, which revolves about B. The two images have equal illumina¬ 
tion, but are not at the same distance from the surface of the calcite. 
The 0 ray strikes each surface of the mineral at right angles and passes 



Fir,. 124.—Polarization by reflection 
refraction. 


and 
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straight through; all the incident light is normal to the lower surface 
and yet part of it is refracted to form the E ray, which strikes the 
upper surface at an acute angle, but nevertheless leaves that surface 
at right angles. In short, the E ray is truly extraordinary in its 
apparent defiance of the law of refraction at each surface. 

These two rays are completely polarized, so that they are vibrating 
only in two planes, the E ray in the plane of the paper and the 0 ray 
normal thereto, all vibrations being at right angles to[]the direction 
of propagation.^ These facts may be verified by the use of a plate 
of tourmaline cut parallel with the vertical axis. Such a plate, like 
calcite, has the property of changing incident light (previously vibrat¬ 
ing in all directions normal to its path) into two rays vibrating in 
jilancs at right angles to each other, and the additional property of 
absorbing, or being nearly opaque to, one of these rays, so that only 


0 


E 

r 


l 7 




Fig. 125.—Iloublc refrac¬ 
tion. 




Figs. 126,127. —Tourmaline over calcite. 


light \abrating in a single plane ^^parallel with the vertical axis) is 
transmitted. If such a plate of tourmaline is superposed over the cal¬ 
cite with its vertical axis parallel with the long diagonal of the rhombic 
face of the calcite, only the image produced by the 0 ray is visible, as 
in Fig, 126; and if the tourmaline is turned at 90°, only the image due 
to the E ray is visible, as in Fig. 127. Therefore, the 0 ray is vibrating 
in the plane of the long diagonal of the calcite and the E ray is vibrating 
at right angles thereto, in a plane called the principal section, contain¬ 
ing the ray and the vertical axis of the mineral. 

Optic axis.— h. detailed study of plates of calcite cut at various 
angles with the vertical crystallographic axis shows that one ray 
travels with constant velocity whatever the direction of transmission, 
while the other ray travels with different velocities in different direc¬ 
tions, the variations being gradual and such that there is one direction 
(and only one) in which the velocities of the two rays are equal. This 
‘ Only approximately correct for the extraordinary ray, as explained on p. 78. 
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direction coincides with the vertical crystallographic axis, and is known 
as the optic axis. All the light traveling through the crystal exactly 
in this direction moves at the same rate, and, moreover, is not polar¬ 
ized. In crystals like calcite, the velocity of the E ray increases 
gradually from the optic axis until it reaches a maximum, which is the 
same for all directions of transmission normal to the vertical axis. 
The wave-front of light traveling as extraordinary rays in such a 
medium is an ellipsoid of rotation, whose axis of rotation is its minor 
axis and coincides with the vertical axis of the crystal. The wave- 
front of light traveling as ordinary rays in the same medium is a sphere 
which is tangent to the ellipsoid at the extremities of its minor axis. 
Crystals having wave-fronts of this kind, the sphere being inside of the 




Fig. 128, Fig. 129. 

Figs. 128, 129. —Wave-fronts in uniaxial crystals. 


ellipsoid, as in Fig. 129, are called optically negative or —. In other 
crystals, like quartz, the velocity of the E ray decreases gradually from 
the optic axis until it reaches a minimum which is the same for all 
directions of transmission normal to the vertical axis. The wave- 
front of light traveling as extraordinary rays in such a medium is an 
ellipsoid of rotation whose axis of rotation is its major axis. In such 
crystals the ellipsoidal wave-front is inside of the spherical wave- 
front, as in Fig. 128, and the mineral is said to be optically positive 
or -f, 

Isoazial, tmiaxial, and biaxial substances. —In all isotropic sub¬ 
stances, light travels with equal velocity in all directions, so that the 
wave-front is a sphere all axes of which are equal; such substances are 
therefore called isoaxial. Those anisotropic crystals in which one 
part of the light travels with uniform velocity and another part moves 
with a velocity vaiying in different directions are called uniaxial, since 
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in them there is one axis,’’ or direction, parallel to which all the light 
travels with the same velocity. Those bodies in which both parts of 
the light travel with velocities which vary with the direction are called 
biaxialy because in them there are two “ axes,” or directions, parallel 
to which all the light travels with the same velocity. 

Isometric crystals are isoaxial; tetragonal and hexagonal crystals 
are uniaxial; and other crystals are biaxial. Uniaxial crystals have 
one principal axis of symmetry which is the vertical crystallographic 
axis, parallel to which is the direction called the optic axis. 

The index of refraction of a uniaxial crystal for the E ray varies 
with the direction of transmission, from equality with the index for 
the 0 ray in the direction of the optic axis, to its greatest deviation 
from this value in the direction normal to the vertical axis. The 
latter value is always implied when the index is referred to without 
statement of the direction; it is denoted by N, or by the Greek letter 
epsilon (e). The index for the O ray is denoted by No, or by the 
Greek letter omega (w). 

The indices of refraction of two isotropic substances are inversely 
proportional to the velocities of light in them; also, the two indices of a 
uniaxial crystal are inversely proportional to the velocities of the two 
rays in that substance. Therefore, in negative crystals, in which the 
E ray travels faster than the O ray, the index of refraction for the O 
ray is more than that for the E ray, or a?> €. In positive crystals, in 
which the 0 ray travels faster than the E ray, the index of refraction 
for the 0 ray is less than that for the E ray, or 6; < €. 

In a negative crystal, the velocity of the E ray traveling at right 
angles to the optic axis is represented by half the length, OA, of the 
major axis of the ellipse, and that of the O ray is represented by half 
the length, OC, of the minor axis, or by the radius of the circle in Fig. 
129. Further, OA is the direction of transmission and also represents 
the velocity of the E ray which vibrates in the direction OC and for 
which the index of refraction is represented by OC (which is propor¬ 
tional to i/OA), Similarly, OC is the direction of transmission and 
also represents the velocity of the ray which vibrates in the direction 
OAy and for which the index of refraction is represented by OA (which 
is proportional to i/OC). 

Finally, an extraordinary ray traveling in an indefinite direction, 
such as OPy has a velocity represented by OP, and an index repre¬ 
sented by i/OP. Since the area enclosed by the tangents and the 
conjugate diameters of an ellipse is a constant (which may be assumed 
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equal to one) it may be shown that ijOP is equal to RN of Fig. 169. 
If a tangent to the ellipse be drawn at the point where any ray meets 
it, this tangent represents the wave-front of the light and a direction 
at right angles to this is known as the wave-normal. For example, 
OW of Fig. 169 is the wave-normal of the ray OP. It Is believed that 
the direction of vibration of any extraordinary ray is at right angles 
to its wave-normal and therefore not exactly normal to the ray. 

Since one axis of the ellipse is equal to the diameter of the circle, 
all parts of the wave-fronts are known if the ellipsoid alone is con¬ 
structed, as may be done directly from the indices of refraction. 
Such a figure is called the index-ellipsoid or indicatrix. 


R R’ 



7 ^ 




—D 


Fig. 130.—Light incident normally on 
a basal plane. 



Fig. 131.—Ray parallel to 
vertical axis. 


Double refraction in uniaxial crystals.—^By proper use of the wave 
surfaces, the paths of the ordinary and extraordinary rays may be 
constructed for light of any known angle of incidence on any crystal 
surface. Begimiing with the simplest case, the light may be incident 
normally upon the basal plane, for example, of a negative crystal. 
Since the optic axis is a direction and not a line of fixed position, the 
line representing the optic axis in the figure of wave surfaces may 
always be assumed to meet the surface at the point of incidence of any 
ray; and, since the light will be assumed to be moving forward and 
not in both directions from a point, the surface of incidence may be 
assumed to pass through the center of the figure of wave surfaces. 
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Then, in Fig. 130, a beam of parallel rays, including R and R', strikes 
the basal plane, AB, at right angles, and each ray moves onward 
without division and without refraction, since the ordinary and 



Fig. 132. Fig. 133. 

Figs. 132, 133.—KlTcct of a positive uniaxial crystal on light striking a vertical 
plane at right angles. 


extraordinary wave-fronts coincide for these rays and Cl) is the wave- 
front of all the transmitted light within the crystal. The condition 
of light transmitted in this way is shown in Fig. 131. 



Fig. 134. Fig. 135. 

Figs. 134,135.—Effect of a negative uniaxial crystal on light striking a pyramidal 
surface at right angles. 


Second, assuming that the light is incident at right angles upon a 
vertical face of a positive crystal, a beam of light, strikes the 
prism face, AB^ normally, as in Fig. 132, The wave-surface figures 
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show that while the 0 and E rays follow a common path with no 
refraction they travel at unequal velocities; they are vibrating in 
single planes at right angles to each other, as shown in Fig. 133. 
Neither ray is extraordinary ’’ in the sense of not obeying the 
ordinary law of refraction at the surfaces, but the E ray has a velocity 
not equal to that of the light traveling parallel to the vertical axis in 
the preceding case. 

Third, assuming that the light is incident at right angles upon a 
face of indefinite orientation of a negative crystal, in such a way that 
the plane of incidence is parallel with the optic axis, a beam of light, 
RR\ strikes the pyramidal surface, AB, normally, as in Fig. 134. 


The wave-surface figures show 
that, while the ordinary light 
passes through without refraction, 
the extraordinary rays are re¬ 
fracted. The refraction of the E 
rays renders them less nearly par- 




Fig. 13O. Fk;. 137. 

Figs, 13O, 137, —Effect of a positive uniaxial crystal on light striking a basal plane 
obliquely, the plane of incidence being parallel to the optic axis. 


allel with the optic axis than the 0 rays in negative crystals, as in Fig. 
134, and more nearly parallel in positive crystals. The two rays travel 
with unequal velocities and are polarized in planes at right angles to 
each other, as shown in Fig. 135. 

Fourth, if a beam of light, RR', is incident obliquely on the basal 
plane, ^ 45 , of a positive mineral, in such a way that the plane of inci¬ 
dence includes the optic axis, as in Fig. 136, the paths of the refracted 
rays may be foimd by the use of Huyghen’s construction, as before. 
The wave-front of the 0 ray in the crystal, from the point C at the 
moment the ray R'e reaches e, is foimd by drawing the section of a 
sphere whose radius is to de as the velocity of light in the mineral is to 
its velocity in air, and drawing a tangent from e to this circle. The 





DOUBLE REFRACTION IN UNIAXIAL CRYSTALS 


81 - 


wave-front of the E ray in the crystal is similarly found by constructing 
the section of an ellipsoid of rotation whose shorter axis is at right 
angles to the optic axis, and whose two axes are given by the pro¬ 
portion, cf ; eg = F,.: Fo= — ; —, and then drawing a tangent from e 

to this ellipse. The paths of the two rays, their relative velocities, and 
their directions of vibration are shown in Fig. 13 7 for a positive mineral. 

Fifth, assuming that a beam of light, RR', strikes obliquely a ver¬ 
tical plane, AB,oi a. negative mineral, in such a way that the plane of 
incidence is parallel with the vertical axis, as in Figs. 138 and 139, or 
normal to the optic axis, as in Figs. 140 and 411, the paths of the two 




Figs. 138, i3g.—Effect of a negative uniaxial crystal on light obliquely incident on a ver 
tical plane, the plane of incidence being parallel to the optic axis. 


rays produced may be constructed in a manner wholly similar to that 
used in the last case. The double refractions, relative velocities, and 
polarization of the two rays in planes at right angles to each other are 
shown in Figs. 139 and 141. In Fig. 140 the optic axis is normal to the 
plane of the paper; therefore the sections of both wave surfaces are 
circles. It may be noted that the E ray is refracted more than the O 
ray in Fig. 138 and less than the latter in Fig. 140, though both figures 
represent negative crystals. It is evident that at some intermediate 
position of the plane of incidence the E ray must be refracted at the 
same angle as the 0 ray. It does not follow that the two rays will in 
this case coincide; they do not coincide because the E ray is refracted 
out of the plane of incidence in which the 0 ray remains. 
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Sixth, assuming that a beam of light, RR\k incident obliquely 

on a surface, A of indefi¬ 
nite position on a negative 
crystal, in such a way that 
the plane of incidence is 
parallel with the optic axis 
as in Fig. 142, the paths of 
the two rays may be con¬ 
structed by the same 
methods. The double re¬ 
fraction, relative veloci¬ 
ties, and polarization of 
the two rays in planes at 
right angles to each other 
are shown in Fig. 143. 

Seventh, if the plane 
of incidence is not paral¬ 
lel with the optic axis, the 
plane of the drawing will 
not cut the ellipsoidal 
wave surface of the extra¬ 
ordinary ray symmetri¬ 
cally, and therefore the 
point of tangency of 
the plane wave-front with the ellipsoid will not lie in the plane of 



Fig. 141. 

Figs. 140, 141.—rCffecl of a negative uniaxial crystal 
on light obliquely incident on a vertical plane, the 
plane of incidence being normal to the optic axis. 




Figs. 142, 143.—Effect of a negative uniaxial crystal on light obliquely incident on a 
surface of indefinite position, the plane of incidence being parallel with the optic axis. 
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incidence which is the plane of construction in which the 0 ray lies. 
In such a case a three-dimension figure is needed to determine the 
path of the E ray. 

As previously stated, the extraordinary ray does not ol)ey the law 
of refraction; but the wave-normal of the extraordinar}^ ray always 
occupies such a position that the index of the crystal for the extraor¬ 
dinary ray in the given direction is equal to the sine of the angle of 
incidence divided by the sine of the angle between the wave-normal 
and the normal to the surface. That is, if e is the index for the extraor¬ 
dinary ray in a special direction and is the angle between the wave- 
normal of that ray and the normal to the surface: 

, sin i 
sin R 

Absorption and pleochroism.—Isoaxial crystals reduce by absorp¬ 
tion the amount of light of various wave lengths reflected or trans¬ 
mitted, and the proportion of the light absorbed has no relation to 
crystalline form or direction. If the amount of absorption is sufficient 
to be perceptible the crystal is darkened and usually colored. 

Uniaxial crystals may modify the amount and kind of light trans¬ 
mitted or reflected, and the modification may be quite different for 
the two rays into which the transmitted light is divided. The crystal 
may absorb much more of one ray than the other; the fact is most 
briefly expressed by an “ absorption formula’’; for example, tourma¬ 
line absorbs the O ray more than the E ray, or, in tourmaline, 0 > E. 
Also, the kind of light absorbed in the two rays may differ; thus, the 
unabsorbed part of the O ray from one variety of tourmaline is dark 
green, while the unabsorbed part of the E ray is reddish violet. This 
is expressed in a pleochroism formula as follows: O == dark green, 
E == reddish violet. 

The extraordinary ray in a uniaxial crystal vibrates in the principal 
section, that is, in a plane containing the incident ray and the optic 
axis, while the O ray vibrates in a plane at right angles to the principal 
section. Also, all incident light vibrating in the principal section 
passes through the crystal as extraordinary rays. Therefore, if white 
light vibrating in a single plane before incidence passes through a 
crystal of tourmaline, the color of the transmitted light depends upon 
the relative position of the plane of vibration of the incident light and 
the optic axis of the mineral. 
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DIRECTIONS FOR LABORATORY WORK 

Observe double refraction by looking through a cleavage piece of calcite. 
Look at a single dot; rotate the calcite. Notice the relation between the line 
connecting the two images and the shorter diagonal of the rhombic face. Find 
the optic axis of the calcite. Assuming that the rhombic faces are of equal size, 
the vertical axis connects the two trihedral solid angles. Is the principal section 
parallel or at right angles to the shorter diagonal of the rhombic face? Do both 
images revolve? Is the distance between the dots related to the thickness of the 
calcite? How? Superpose another piece of calcite over the first, and, on rotation 
(avoiding scratching of the pieces), notice that four images are visible in many 
positions. Explain this fact by one or more drawings. Draw a vertical section 
through the calcite showing the paths of the two rays and also the position of the 
optic axis. Is the extraordinary ray refracted so as to be more or less nearly par¬ 
allel with the optic pvis than the ordinary^ ray? 



CHAPTER V 


UNIAXIAL CRYSTALS IN PARALLEL POLARIZED LIGHT 

The addition of a nicol to produce polarized light increases the 
usefulness of the microscope for studies of crystals many fold. For 
certain purposes a condensing lens must be used above the polarizer 
to render the polarized light either convergent or divergent. For 
many other purposes no such lens is necessary, and for certain work it 
is imperative that it be removed, and the light taken from a distant 
source, such as the sky, so as to be as nearly parallel as possible. 

It is important to understand fully the action of the polarizing 
microscope upon parallel polarized light. If a section or fragment of 
the uniaxial mineral is in place between crossed nicols, the light is, in 
general, double refracted and plane polarized three times. These 
facts are illustrated diagrammatically in the vertical section and plan 
of Figs. 144 and 145. After reflection from the mirror M, the ray of 
light enters the lower nicol, IJ, where it is doubly refracted, and com¬ 
pletely polarized, one ray (the extraordinary) vibrating in the prin¬ 
cipal section, which is the plane of the paper in the drawing, and the 
other ray vibrating normal thereto. The E ray vibrates in the direc¬ 
tion PP' of the plan and the O ray in the direction of A A'. The O 
ray is totally reflected by the Canada balsam to the black surface at W; 
only the E ray passes through the polarizer. 

When this ray strikes an anisotropic crystal section, as SS', cut in 
an indefinite direction, it is, in general, divided into two rays, which 
may be called the ordinary (O') and extraordinary (£') rays for this 
crystal. In the drawing the crystal is supposed to be uniaxial and the 
O' ray is not refracted, since the incidence is normal. In general, in 
biaxial crystals, both rays are refracted. The rays O' and E' vibrate 
in planes at right angles to each other, the E' ray vibrating in the 
principal optic section of the crystal, which may be assumed to be in 
the position BB' in the plan, while the O' ray vibrates in the direction 
CC'. These two rays pass upward to the analyzer RT, where the 
third double refraction produces two rays from each of them. In 

S.5 
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the vertical section, the portion above XY is a section at right angles 
to the lower portion and in the direction A A' in the plan. If DO be 
taken to represent the vibration of the E ray after passing the polarizer, 
the two rays, O' and produced by the crystal have vibrations that 


may be represented by OG and FO respec¬ 
tively. In the upper nicol the ordinary 
ray (0") derived from 0' has a vibration 
represented by NO, and that (O'") derived 
from £', a vibration represented by HO. 
Also the extraordinary ray (Zi") derived 
from 0' has a vibration represented by LO, 
and that (£'") derived from E\ a vibration 
represented by KO. Now the two ordinary 
rays (0" and O'") arc totally reflected to 
the dark wall of the upper nicol; therefore 
their vibrations, NO and IIO, disappear. 
But the two extraordinary rays (£" and 
/s'"), whose vibrations are represented by 
LO and KO, pass through the analyzer; 
and, since their vibrations are in the same 
plane and have a fixed phase relation, they 
“ interfere " or combine. In monochro¬ 
matic light this interference produces vari- 




Fig. 144. Fig. 145, 

Figs. 144, 145. - Effects of a polarizing microscope on light. 


ation in the intensity of the light, depending upon the difference of 
phase of the two rays. As explained later, if the rays have no 
difference of phase, or if one is retarded an integral number of wave 
lengths behind the other, the amplitude of the resultant wave is 
zero, and darkness results. If the rays have a difference of phase of 
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one-half wave length, or any uneven multiple thereof, the interference 
doubles the amplitude and quadruples the intensity. In white light, 
since the different colors constituting the light have different wave 
lengths the retardation which one ray suffers has different relations 
to the different colors, causing some to be in opposite phase and others 
to differ by an integral number of wave lengths; therefore, interference 
reduces the intensity of some colors (even to zero, as a limit), while 
increasing the intensity of others; thus, interference produces colors 
from white light. The color produced depends upon the difference 
of phase, or the relative retardation, and this in turn depends upon 
the birefringence of the crystal concerned, the direction in which the 
light travels through the crystal with respect to the optic axis (or optic 
axes), and the thickness of the section or fragment. 



In the simple combination of two light wa\'es (without the micro¬ 
scope), darkness results when the phase difference is half a wave length, 
but when monochromatic light passes through crossed nicols and 
through a crystal between them, darkness results when the phase dif¬ 
ference produced by the crystal is one wave length. This fact needs 
explanation. In Fig. 146 let PP' represent the plane of vibration of 
light which passes through the lower nicol or polarizer; upon entering 
a crystal BCDE, whose planes of \’ibration are FF' and GG', the vibra¬ 
tion of a particle at 0 , which may be assumed to be at its crest at N, 
is resolved into two components, ON' and OM". If these two waves 
pass through the crystal so as to have, at emergence, no difference 
of phase, or a difference of phase of any integral number of wave 
lengths, the wave ON" will be at its crest N" when the wave ON' 
is at its crest, N'. If, in passing through the crystal, they acquire 
a difference of phase of half a wave length, or any uneven multiple 
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thereof, the wave ON" will be at N" when the wave ON' is at its 
trough, T. 

Whatever the difference of phase which results from the difference 
in path and difference in velocity of the two waves in the crystal, when 
they enter the upper nicol, whose vibration plane is each will be 
resolved into two components one of which, in the plane PP', will be 
totally reflected and absorbed in the walls of the analyzer, while the 
other, in the plane AA', will pass through the upper nicol. If they 
have a difference of phase of one wave length, the components which 
will be absorbed may be represented by OL and OL’. The more 
important components which pass through the analyzer are shown in 
Fig. 147 at OX and OY, which will be their positions if the phase 
difference is any integral number of wave lengths. It is clear that OX 
and OV are equal and opposite in direction; therefore, these two 
waves will destroy each other and darkness will result if monochromatic 

light is being used. 

If, jiiij. iilij iiiiii 

D’^O A A % I % \ A z A % A i length (or an uneven 

_ multiple thereof), when 
_«-=3|r:][rq[I][Il[I][I!iC![l!L!L.L/ the wave vibrating in the 

M M I II INI II II II plane GG' is at N" the 

Fio. 148.—A wedge between crossed nicols. wave vibrating in the 

plane FF' will be at T, 
and the components of these waves vibrating in the plane A A' will 
be two waves (each OX) of equal amplitude and acting in the same 
direction; therefore, the resultant wave will have double the ampli¬ 
tude and four times the intensity. 

Whenever the difference of phase is neither a wave length nor a 
half wave length (nor a multiple thereof), the components in the 
plane A A' will be unequal, and the resultant will always have some 
amplitude varying between the limits named. 

The difference of phase produced by any crystal depends upon the 
difference in velocity and the difference in path of the two waves 
within the crystal, and the latter varies with the thickness of the 
section (or fragnjent). Accordingly, a wedge-shaped section of a 


Fig. 148.—A wedge between crossed nicols. 


crystal will produce a difference of phase varying from zero at the thin 
edge to any desired amount at the other end. Hence, a wedge will 
alternately produce darkness and light upon its gradual insertion 
between crossed nicols, when monochromatic light is used. In Fig. 
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148, the relation between the thickness of the wedge and the differ¬ 
ence in phase is shown; the difference in phase D, is expressed in 
terms of fractions of the wave length, X, of the light used. The thick¬ 
ness necessary to produce a given difference in phase v'aries with the 
mineral used, and also depends upon the way in which the wedge is cul, 
that is, the relation in position between the path of the light and the 
optic axis in the wedge. 

When white light is used, the difference of phase must be measured 
in some other unit than the wave length, because white light has no 
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Fig. 149.—Derivation of Newton’s color scale. 
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definite wave length, but consists of waves whose length varies from 
about 380 to about 760 millionths of a millimeter, sometimes expressed 
as 380 to 760 millimicrons, or 380 to 760 m^- In Fig. 149, the difference 
of phase, D, is given in millionths of a millimeter. The same figure 
shows the effect of any difference of phase from zero to 2000 m^ on 
various kinds of monochromatic light. For each color a medium value 
of the wave length is chosen as follows: violet, 410 m/t; blue, 460 m^; 
green, 510 m/i; yellow, 565 m/a; orange, fizom/x; red, 690 mM- When white 
light is used, the effect produced dep>ends upon the relation of the dif- 
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ferencc of phase to wave Jengths of all 
parts of the white light; all these parts 
are approximately represented by the 
colors selected. Accordingly, the effect 
may l)e inferred by a study of the upper 
part of Fig. 149; it is modified some¬ 
what by the fact that the intensity of 
various parts of the spectrum varies 



considerably, being greatest for yellow 
and least for violet. With no difference 
of phase, all parts of white light destroy 
each other in the upper nicol, as illus¬ 
trated in Fig. 147 and darkness results. 
From the same figure it is clear that the 
intensity of the light increases as the 
difference of phase increases; accord¬ 
ingly, as D varies from o to 260 m/x, the 
effect varies from darkness to white 
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light; at 300 mix yellow light is produced, since yellow is near 
its maximum (JX for yellow) and violet is partly destroyed. At 
4oomju violet is wholly destroyed and blue and green are much weak¬ 
ened; yellow is considerably past its maximum, but on account of its 
greater relative intensity it dominates over red; for the same reason 
orange is found at 450m/x and red at 530 m/x. At 575 m/x violet is pro¬ 
duced, since green, yellow, and orange arc practically destroyed, and 
the red and blue simply combine to increase the intensity of violet. 

Another method of obtaining an understanding of the way in w^hich 
interference produces colors from white light is by studying Fig. 150, 
which represents certain wave lengths of each important color of white 
light in their proper relations. By making a tracing of this drawing 
and then moving the point O of the tracing to points such as i, 2, 3, 
etc., of the drawing, it is possible to see the effect on each color of 
various amounts of retardation. 

A model,^ such as shown in Fig. 151, is useful in studying the effect 
of a polarizing microscope on light. The vertical rod is divided into 
several parts, which may be rotated independently. The lowest cel¬ 
luloid plate represents the vibration plane of the lower nicol with a 
ray of light represented on it. The transverse plate next above repre¬ 
sents the stage of the microscope carrying a crystal section; it may 
be rotated to bring the vibration planes of the crystal into any desired 
relation to that of the polarizer. The celluloid plates next above 
represent the vibration planes of the crystal and the rays vibrating 
in them; they rotate together, remaining at right angles; one is set 
half a wave length ahead of the other, but can be set at any other 
small amount; the four celluloid plates near the top represent four 
rays in the analyzer, only two of which pass through; they rotate 
together, and two are shown half a wave length ahead of the other two. 
The way in which the microscope introduces the equivalent of half a 
wave length retardation is readily seen by the use of this model. 

The colors from darkness to the first violet arc known as colors of 
the first order; and violet at the upper end of the order is called 
the sensitive tint, because a slight change in difference of phase pro¬ 
duces, in this region, a decided change of hue, to which the eye is very 
sensitive. At 660 mAt, blue is produced, since yellow, orange, and red 
are nearly extinguished and green and violet combine to reinforce the 
blue, which is near its maximum. At 750 m^, green is produced, violet 
and red being nearly destroyed and blue and orange merely adding to 
^ See F. E. Wright: Am, Jour. Sci., CLXXVI, 1908, p. 536. 



92 


UNIAXIAL CRYSTALS IN PARALLEL POLARIZED LIGHT 


the green. Yellow, orange, and red follow in order. At 1125 m/i 
the second violet marks the upper limit of the second order. From 
this point the colors are repeated in the same order: violet, blue, green, 
yellow, orange, red. The colors of the third order are somewhat 
paler than those of the second, and in the fourth order they are still 
less distinct, being mixed with white; above the fourth order, pale 
greenish and reddish grays mark the transition to white of the higher 
order, not readily distinguishable from ordinary white light. This 
white results from the fact that as the difference of phase increases it 
gradually reaches values which are uneven multiples of one-half the 
wave length of colors in all parts of the spectrum, the intensities of 
which are therefore increased; a mixture of waves taken regularly 
from each color of the normal spectrum produces light closely similar 
to white. To illustrate, if the difference of phase is 5300 m/x, it is 
equal to: 

15 times J of 707 ni/u, a wave length in red. 

17 times 5 of 623 ni/u, a wave length in orange. 

19 times I of 558 ni/u, a wave length in yellow. 

21 times 2 of 505 m/u, a wave length in green. 

23 times I of 461 m^t, a wave length in blue. 

25 times I of 424 m/x, a wave length in violet. 

Abnormal interference colors arc produced by uniaxial crystals in 
various ways. If the crystal absorbs part of the light so as to be col¬ 
ored when the upper nicol is not in use, the color observed when it is 
seen between crossed nicols will be due to the combined effect of the 
interference color and the color due to absorption. Further, the 
birefringence of any anisotropic crystal is not exactly the same for all 
parts of the spectrum; for most kinds of crystals the differences in 
the birefringence for different parts of the spectrum are not suffi¬ 
ciently great to produce noticeable effects; but in a few kinds of 
crystals these differences result in very peculiar interference colors. 
Thus, if a crystal has zero birefringence for one color and appreciable 
birefringence for other colors, the former color will be lacking in all 
the interference colors produced by the crystal, no matter what its 
thickness may be. For example,^ melilite is often nearly isotropic for 
yellow light, and the interference color is a dark blue, called ‘‘ ultra 
blue.’^ It may be distinguished from blue of the normal series of 

* Another example is furnished by torbemite (air dried) which is isotropic for green 
light and weakly birefringent for other colors (-h in red and — in blue light) giving abnormal 
purple (red to blue) interference colors (N. L. Bowen; Am. Jour. ScL^ XLVIII, 1919, 
P- i 9 S)* 
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interference colors by superposing a mica plate or sensitive tint plate, 
the method of using which will be described later. It will be found 
that the ultra blue color is produced although the difference of phase 
is only loom/x, to 200 m^, instead of 660 m^t or 1175 m//. In biaxial 
crystals abnormal interference colors may also result from the fact 
that the extinction position is not exactly the same for all colors, or 
from the fact that the crystal is uniaxial for some special color and 
biaxial for all others. 

Factors determining interference colors.—The interference color 
produced by any crystal depends directly upon the difference of phase 
produced by the crystal, and this, in turn, depends upon three factors, 
namely, (1) the birefringence of the crystal, measured by the difference 
between w and e; (2) the thickness of the crystal in the direction taken 
by the light, and (3) the direction in which the light passes through the 
crystal with reference to the optic axis. If light travels in a crystal 
at right angles to the optic axis, the relative velocities of the two rays 
are inversely {proportional to the indices, co and e: accordingly, the 
difference of j)hasc for a given thickness \’aries directly with the dif¬ 
ference between the indices. If the two rays travel at unequal veloci¬ 
ties through a greater thickness, it is evident that the difference of 
phaise is increased. Finally, if light travels through a crystal at an 
acute angle with the 0{ptic axis, the extraordinary ray has an index, 

nearer to w in value than is e; therefore, the difference of phase 
produced by a given thickness is less than when the light travels at 
right angles to the optic axis, since the difference of phase is propor¬ 
tional to the difference between the indices. 

Further, if {parallel light is incident at right angles upon a basal 
section of a uniaxial crystal, all parts have the same index, since e' is 
equal to w, as shown in Figs. 109 and no, and the light is not doubly 
refracted nor polarized, but passes through the section as it would 
through an amorphous or an isometric substance. Therefore, such 
sections are dark between crossed nicols in all positions of rotation; 
light from the lower nicol does not have its vibration plane changed, 
and is all cut off by the analyzer. 

Determination of order of interference color.—Any given color, 
except gray at the lower end of the first order, is found at least twice 
in the color scale, but only once in any single order. The precise 
shade of a color, say red, in one order is not exactly the same as in 
another order, but this difference is not suflSicient to enable the order 
to be distinguished, especially by the beginner. There are two 
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methods of determining the order to which a color belongs; one is by 
means of the quartz wedge, the other is by means of a beveled edge. 

The quartz wedge is a wedge-shaped plate of quartz, like Fig. 148, 
but with its vertical axis parallel with the glass plates between which 
it is mounted. It is usually marked ‘‘quartz wedge,or “compen¬ 
sator"’; the arrow at one end indicates the direction of vibration of the 
slow ray. When the quartz wedge is to be used to determine the order 
of an interference color, the crystal producing the color should be 
turned to a position at 45° from extinction, and the wedge should be 
inserted, thin edge forward, in the path of the light above the crj^stal. 
This will cause a series of changes in the interference color observed, 
due to an increase or a decrease in the total retardation of one ray as 
compared with the other. It is convenient to call the ray which is 
more retarded in any anisotropic substance the slow ray, or theZ ray, 
in that medium, and to call the other ray the fast ray, or the -Y ray. 
If the slow ray in the crystal is the slow ray in the wedge, as in Fig. 
153, the colors observed will be in the order obtained by reading the 
colors of Newton’s scale (Fig. 149) from left to right, and the colors 
are said to “ rise,” since they pass to higher orders. If the slow ray in 
the crystal is the fast ray in the wedge, as in Fig. 152, the colors 
obtained will be in the reverse order. If the first result is secured, the 
stage should be turned 90®; then the insertion of the wedge as before 
will give the second result. When this is obtained the wedge should be 
inserted far enough to cause the colors to “ fall ” to the dark gray at 
the lower end of the first order. Since this color occurs in only one 
place in the scale the order to which it belongs is not in question. To 
obtain the order of any other interference color it is only necessary to 
find its relation to this dark gray. This may be done by listing the 
interference colors, as they are observed, from the original color, pro¬ 
duced by the mineral alone, to the dark gray, or vice versa. Thus, if 
the list reads: red, yellow, white, dark gray, the interference color, 
red, belongs to the first order, while if it is: red, orange, yellow, green, 
blue, red, yellow, white, dark, gray, the original color belongs to the 
second order, as may be readily seen by studying the series in New¬ 
ton’s scale (Fig. 149). 

When the darkest (gray) color is obtained, the retardation of one 
ray caused by the crystal is balanced by the acceleration of the same 
ray produced by the wedge, and the wedge is said to compensate the 
crystal; the wedge is said to be at the compensation point. 

The beveled edge, when present, is a simpler means of determining 
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the order of an interference color. It can only be used when the 
crystal under examination has, somewhere along its border, an edge 
(in contact with balsam ora substance of weak birefringence) sufficiently 



Fig. 152. Fig. 153. 

Figs. 152, 153.—Diagrams showing the action of the quartz wedge. 


beveled to produce a series of colors similar to those caused by an 
artificial wedge. It is only necessary to observe the relation between 
dark gray of the first order and the interference color produced by the 
full thickness of the crystal, as shown by the series of colors between 
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them on the beveled edge, to determine the order to which the given 
color belongs. For example, if the crystal, a, in Fig. 154, gives a yellow 
interference color over the surface where it is of full thickness, as at i, 
and if it produces a series of colors on a beveled edge that are as follows: 
2, green; 3, blue; 4, red; 5, yellow; 6, white; 7, dark gray, the 
yellow interference color found over the main surface belongs to the 
second order. Frequently, the beveled edge is very narrow, so that 
it is impossible to distinguish all the colors; but, since red is the highest 
color of each order, if a single red band can be seen on the bevel, the 
color of the main surface is of the second order (or higher); if two red 
bands can be seen on the bevel, the main color is of the third order 
(or higher). 

Measurement of birefringence.—The birefringence of a crystal is 
always measured by the difference between its greatest and least in- 
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Fig. 154.—Magnified section through a crystal 
section. 


dices of refraction, that is, 
with uniaxial crystals, the 
difference between co and t. 
The extraordinary ray has 
the index e, only when it 
is traveling at right angles to the vertical or optic axis. When prop¬ 
agated in any other direction it has an index, e', nearer to w than e is. 
Therefore, a grain of a uniaxial crystal must lie so that light travels 
through it normal to the optic axis in order that the indices of refrac¬ 
tion may be w and e. The birefringence of a given crystal or grain, as 
cut in a section, is less than the birefringence of the substance of which 
it is a sample, except when the given crystal or grain lies with its optic 
axis (or, in biaxial crystals, both optic axes) parallel with the object 
glass and with the same exception it is measured by the difference 
between co and which is always less than the difference between 
0) and 6. 

The difference between the two indices, w and €, may be determined 
by accurate measures of those indices themselves, or it may be esti¬ 
mated from its effect in producing an interference color. The inter¬ 
ference color produced by a given crystal or grain depends upon (i) 
the direction in which the light passes through the crystal or grain 
with reference to the optic axis, (2) the birefringence of the substance, 
(3) the thickness of the grain or section. In a given thin section of 
uniform thickness, the crystals or grains which lie so the glass slide is 
exactly parallel with the optic axis produce the highest interference 
color shown by any crystals or grains of a given substance. 
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The birefringence of a uniaxial crystal is measured by the dif¬ 
ference between its indices, co and €. Either of these indices may be 
the greater index; it is convenient to have symbols for the greater 
index and the smaller index. The greater index is represented by 
'Ngj and the smaller index by N^, the subscripts referring to “ great ’’ 
and petty or small. When the light travels at right angles to the 
optic axes, so that the two rays have their maximum difference of 
velocity, the index of refraction for the slow ray is and that for the 
fast ray is N^. 

Relative velocities of transmitted rays.—Light passing through any 
uniaxial crystal not parallel with the optic axis is divided into two rays 
(if the crystal is not at extinction) which vibrate in planes at right 
angles to each other and travel with unequal velocities. The retarda¬ 
tion of the slow (Z) ray as compared with the fast (A") ray determines 
the interference color produced between crossed nicols, as already 
explained. If the retardation of the slow ray be increased, the inter¬ 
ference color “ rises in the color scale, that is, it changes in the direc¬ 
tion of the higher orders of the scale. If the retardation be decreased, 
the interference color falls,'^ that is, it changes toward darkness, 
which is considered the bottom of the scale. If a plate, in which the 
direction of vibration of the slow ray is known, is superposed over a 
grain or a section so that the vibration planes coincide, the interference 
color rises, provided the plane of vibration of the slow ray in the grain 
or section is parallel with the plane of vibration of the slow ray in the 
plate, so that the same ray which is retarded in the grain or the section 
is further retarded in the plate. The interference color falls, provided 
the plane of vibration of the slow ray in the grain or section is parallel 
with that of the fast ray in the plate, so that the ray which is retarded 
in the grain or section is advanced in the plate. Consequently, by 
properly superposing such a plate over any crystal, the position of the 
plane of vibration of the slow ray can be distinguished from that of 
the fast ray. This may be accomplished by means of: First, the quar¬ 
ter undulation mica plate; second, the sensitive tint plate, or third, 
the quartz wedge. In all these plates the arrow marks the position 
of the plane of vibration of the slow ray. The mica plate consists of a 
thin cleavage film of colorless mica of such thickness as to produce a 
retardation of a quarter of a wave length of yellow (sodium) light, 
that is, about 150WM. It is usually mounted between glass plates and 
marked mica ’’ or iX. Except with crystals producing very low or 
very high interference colors the mica plate is very convenient. For 



98 UNIAXIAL CRYSTALS LN PARALLEL POLARIZED LIGHT 


crystals giving very low interference colors the sensitive plate is most 
useful, while for those exhibiting very high interference colors the 
quartz wedge must be used. These plates must be used with their 
vibration planes not parallel with the planes of the nicols. 

Elongation and flattening.—Many crystals are much longer in one 
direction than in any other direction, and such a direction of elonga¬ 
tion is easily seen microscopically. Thus, apatite is commonly 
elongated in the direction of the vertical axis, and fibrous crystals 
are still more elongated. Nearly all uniaxial crystals, which exhibit 
elongation, have the vertical axis parallel to their long direction. 
Whenever a crystal under examination exhibits distinct crystal outline 
with one direction several times as long as any other, this direction 
may be used as a basis of reference, and the relation to it of the vibra¬ 
tion directions of the fast and slow rays may be detennincd. Whenever 
the vibration direction of the slow ray (Z) is exactly parallel, or more 
nearly parallel, than that of the fast ray (X), to the direction of elonga¬ 
tion, the elongation is said to be positive. If the fast ray is more nearly 
parallel to the elongation, the sign of elongation is said to be negative. 

Another crystal habit which is very common in some substances 
consists in an elongation in all directions parallel to a given face, or 
in a flattening parallel to that face. This is well illustrated by lamellar 
crystals, like tridymite and calomel. In uniaxial crystals, flattening 
is, in nearly all cases, parallel to the basal pinacoid. Sections of such 
crystals across the plane of flattening appear to be elongated in direc¬ 
tions in that plane which are determined by the intersection of the 
plane of the section with that of the flattening. As in the preceding 
case, whenever the direction of vibration of the slow ray is more nearly 
parallel to the direction of apparent elongation (in the plane of flat¬ 
tening) the sign of elongation is said to be positive, and when X occu¬ 
pies this position the sign of elongation is said to be negative. Since 
the direction of apparent elongation is indefinite in this case (being 
any direction in a plane), the sign of elongation may be better described 
as positive when the fast ray vibrates more nearly at right angles to 
the plane of flattening than the slow ray, and as negative when the 
slow ray vibrates in this direction. 

Extinction position.—If the crystal in Fig. 146 be supposed to be 
rotated about an axis perpendicular to the paper at O, a study of the 
figure shows that the component waves in the plane A A' have their 
maximum amplitude when the vibration planes (FF' and GG') of the 
crystal bisect the angles between the vibration planes (PF' and A A') 
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of the nicols, and their minimum (zero) amplitude when the vibration 
planes of the crystal coincide with the vibration planes of the nicols. 
With zero amplitude of the waves vibrating in the plane of trans¬ 
mission of the analyzer, no light passes through, and darkness, or 
extinction of light, takes place. 

It is evident that the rotation of the crystal, just described, may be 
conveniently accomi)Iished by rotating the stage of the microscope 
carrying the plate. Four times in a complete rotation the vibration 
planes of the crystal coincide with the vibration planes of the nicols, 
and darkness, or extinction, results. The angle between successive 
positions of extinction is necessarily 90°, since the vibration planes of 
the crystal and those of the nicols are at right angles. 

An approximate position at which a given crystal is at extinction 
may be recognized at once on rotation of the stage. It is not always 
easy to determine the exact position of extinction, since the crystal 
often appears to be dark through a rotation of several degrees; that is, 
the eye is not sensitive to the difference between no amplitude and a 
very small amplitude of vibration or intensity of light. Several 
methods have been devised to permit more accurate determination 
of the position of extinction. The methods of special importance are 
described herewith. 

I. Parallel polarized light ,—The ordinary method of observing the 
position of maximum darkness without accessory apparatus is suf¬ 
ficiently accurate for many purposes. 

For this method and all others, it is necessary that the microscope 
be in accurate adjustment in order to secure correct results. The 
nicols must be accurately crossed, and (except when convergent light 
is used) the light must be as nearly parallel as it is possible to make it. 
To test the angle between the vibration planes of the nicols, remove 
all the lenses, ocular, objective, and condenser, from the microscope, 
and point it directly at the sun, the rays from which are parallel and 
so intense that the light passing through the nicols on account of a 
rotation of less than i' from the position of total extinction is readily 
visible. If either nicol has inclined end-surfaces complete extinction 
is impossible, because the inclined incidence causes a slight rotation 
of the plane of polarization. In such a case the test can be made more 
satisfactorily if the microscope has substage and upper diaphragms 
and they are closed. To obtain parallel light take the light from the 
open sky (or from a cloud) and remove the condenser. 

With any method of determining the extinction position, the prob- 
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able error of a single measurement may be reduced to any desired 
limit by sufficiently increasing the number of measurements and taking 
the average. It is also desirable to measure the position when rotating 
the stage clockwise, and again when rotating it counter-clockwise. 

2. Sensitive tint plate .—A plate of gypsum (or other colorless 
mineral) cut to such a thickness as to produce a violet interference 
color (at the upper limit of the first order) between crossed nicols, is 
called a sensitive tint plate, because the eye is especially sensitive to 
slight changes of tint in this part of the color scale. It is usually 
mounted between narrow glass plates and marked “ sensitive tint,” 
“ red ist order,” or “ gypsum”; the arrow at one end indicates the 
direction of vibration of the slow ray in the plate. The plate should be 
used in most cases with the arrow in a position at 45° with the vibra¬ 
tion planes of the nicols. It produces no effect when the arrow mark¬ 
ing a plane of vibration in the plate is parallel with either nicol. It is 
inserted in a slot or other opening in the tube of the microscope, 
between the objective and the analyzer. When a crystal (or grain) 
not surroimded by other crystals occupies part of the field of the micro¬ 
scope, and is rotated exactly to the extinction position, it has no 
effect on the light, and the two nicols cause darkness. If the sensitive 
tint plate is interposed between the nicols, the whole field is colored 
in violet. If the stage is rotated slightly the crystal is no longer at 
extinction, and it changes the planes of vibration of the transmitted 
light, and causes a slight change in the color of that part of the field 
occupied by the crystal. Therefore, when there is no difference in 
color between that part of the field unoccupied and that part occupied 
by the crystal, the latter is at extinction. 

3. Bertrand ocvlar .—It is necessary that part of the field of view be 
unoccupied, in order that the sensitive tint plate may be used satis¬ 
factorily. Furthermore, this plate is not well adapted to use with 
colored substances, nor with those which produce interference colors 
above the first order. The device of Bertrand is more complicated, 
but also more useful. It consists of four plates of quartz cut parallel 
with the base, two cut from right-handed quartz alternating with 
two from left-handed quartz. All the plates serve to produce circular 
polarization and to rotate the plane of polarization, the right-handed 
plates rotating the plane to the right (clockwise) and the others rotat¬ 
ing it to the left. They are shaped as quadrants and placed in a 
special ocular, in which their rectangular edges correspond to cross 
hairs. This ocular must be used between crossed nicols; therefore, a 
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nicol must be superposed above the ocular, and the ordinary analyzer 
removed. When the nicols are exactly crossed the four quadrants 
are of the same pale greenish-blue color. If a thin section or grain 
of an anisotropic crystal is put on the stage in the focus of the micro¬ 
scope, not at the extinction position, the quadrants are differently 
colored, opposite quadrants being of the same tint, as in Fig. 155. 
When the stage is rotated, the quadrants become alike in color at the 
exact position of extinction. The vibration planes of the crystal 
then coincide with the principal planes of the nicols. 

4. WrigMs biquartz wedge ,—There are several other devices some¬ 
times used to determine accurately the extinction position; the most 
important of these is the biquartz wedge plate of F. E. Wright 
in this instrument two plates of quartz cut normal to the axis and of 
])roper thickness, one right-handed and the other left-handed, are 
combined with two wedges of quartz selected to rotate the plane of 



Eig. 155.-' Hcrtrand ocular. 



polarization in the reverse direction, as shown in Fig. 156. The elTect 
of this combination is to produce zero rotation in each half wedge, 
where the plate and wedge have the same thickness. It is used at the 
focal plane of the ocular, which must be cut so as to permit its inser¬ 
tion; a nicol must be used above the ocular, as with the Bertrand 
plate. The biquartz wedge divides the field into two halves, which 
are equally illuminated if no crystal is in the path of light, or if a 
crystal in the field on the stage is at extinction. If the crystal is 
turned even a very small angle from extinction, the intensity of illumi¬ 
nation in the two parts of the field is rendered unequal. 

Extinction angles.—The angles between extinction positions and 
various crystallographic directions are called angles of extinction, or 
extinction angles. It is only necessary to measure from one extinction 
‘‘‘Am. Jour. Set., XXVI, 1908, p. 377. 
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position to any given crystallographic direction, since extinction posi¬ 
tions are always 90® apart. Usually the angle measured is that 
between a cleavage, crystal boundary, or twinning plane and the near¬ 
est extinction position. But in some cases the extinction angle is 
measured from a crystal plane to the plane of vibration of the fast (or 
the slow) ray. 

Optic sign of uniaxial crystals.—In uniaxial crystals the optic 
axis is parallel with the vertical crystallographic axis, c; the ordinary 
ray always vibrates at right angles to the optic axis; and the extraor¬ 
dinary ray vibrates in the principal section, which includes the incident 
ray and the vertical axis; when the light is traveling normal to the 
optic axis, the E ray vibrates parallel thereto. In certain substances 
the ordinary ray travels faster than the extraordinary ray; such sub¬ 
stances are said to be positive or +; in this case the (O) ray vibrating 
normal to the principal section has greater velocity than the {E) ray 
vibrating in that plane. It is true for all substances that the greater 
the velocity the less the refraction and the smaller the index of refrac¬ 
tion. Therefore, in positive crystals w is less than €, the index of E 
ray is N^,, and that of the O ray is Np. In other substances the extraor¬ 
dinary ray travels faster than the ordinary, and these substances are 
said to be negative or — ; in this case the ray vibrating in the principal 
section has greater velocity than the ray vibrating normal thereto; 
also, in negative crystals w is greater than e, the index of the E ray is 
Np, and that of the O ray is while in positive crystals the index of 
the E ray is N^, and that of the O ray is Np. 

There are various ways to determine whether a uniaxial crystal is 
positive or negative, that is, to determine its optic sign. One method 
is to make accurate measurements of w and c, as described later. 
Other methods involve the use of convergent light and interference 
figures.’’ Finally, there are methods by which the velocity of the ray 
vibrating parallel with the vertical axis is compared, in parallel 
polarized light, with the velocity of the ray vibrating normal thereto. 
This can be done only in case the position of the vertical crystal axis 
can be recognized or determined in some way, usually by means of the 
crystal outline. It is only necessary to find the vertical axis, and 
then determine, by means of superposing a plate, whether the ray 
vibrating parallel with this axis is the fast ray or the slow ray. In 
the latter case the substance is positive; in the former case it is 
negative. 

To determine the relative velocity of the ray vibrating parallel 
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with the vertical axis, which is the E ray for the crystal, any one of the 
methods already described may be used. If the crystal gives an inter¬ 
ference color lower than white of the first order, the sensitive tint plate 
should be used; if the color is higher, but below the fourth order, the 
mica plate is preferable, if the color is still higher, the quartz wedge is 
commonly employed. The crystal should be turned 45° from extinc¬ 
tion and the proper plate superposed with the arrow marking the plane 
of vibration of its slow ray also at 45® from the planes of the nicols. 
If the interference color rises, the arrow gives the direction of vibration 
of the slow ray in the crystal; if the color falls, the arrow is parallel 
with the direction of vibration of the fast ray in the crystal. In Fig. 
157, a uniaxial crystal whose vertical axis is parallel with the elongation 
is shown in two positions, producing a red interference color between 




P^iGS. 157, 158.—Uniaxial positive crystals with superposed plates. 

crossed nicols. If a mica piatc is superposed the interference color 
rises to blue when the arrow of the plate is parallel with the vertical 
axis, and falls to yellow when the two are at right angles; therefore, 
the crystal is positive. In Fig. 158 a uniaxial crystal producing a 
dark gray interference color is shown in two positions. When the 
gypsum sensitive tint plate is superposed, the color changes to blue in 
one position and red in the other, and it might be inferred that the 
color had risen (from gray) in both cases. But the red is lower than 
the sensitive tint (with which the new color may better be compared 
in using this plate) and is produced by the action of the plate in lower¬ 
ing the interference color of the crystal to darkness and then raising 
it to red. In other words, the red color is produced by the addition 
of a plus and a minus quantity, while the blue color is produced by the 
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addition of two plus quantities. Since the color rises when the arrow 
is parallel with the vertical axis, the slow ray vibrates in that direction 
and the crystal is positive. 

Occasionally the superposition of a plate causes changes in color 
such that it is not easy to decide whether the change is to a higher 
color or to a lower color; thus, the change when a mica plate is used 
may be from green of the second order to red, when the slow ray of the 
plate is parallel with the elongation, and also when they are at right 
angles. One of these red colors is red of the first order and the other 
is red of the second order, but it may be very difficult to determine 
which one belongs to either order. In some cases it is possible to 
solve the difficulty by compensating one of the red colors by using the 
quartz wedge. In some instances it is possible to determine the order 
of one of the red colors by observing a beveled edge. If any part of 
the crystal section, acting alone, produces an interference color other 
than green (because of varying thickness) a test of that part may give 

results which are easily 
understood. Again, a sen- 
■sitive tint plate or a quartz 
wedge may be used in place 
of the mica plate and the 
results may be satisfactory. 
Finally, if the crystal sec¬ 
tion has a beveled edge, 
the direction of motion of 
the interference colors on that edge may be used to determine whether 
the main surface color is rising or falling. This is illustrated in Fig. 
159, in which a long, smooth bevel is represented as producing colors 
from gray to red of the second order. Now, if a mica plate (or other 
plate) be superposed over this so that the main surface color falls, it 
is evident that the red surface color has been replaced by one of the 
colors formerly on the beveled edge. Therefore, when a given color, 
for example, white, moves up a beveled edge, the main surface color 
has fallen in the Newton color scale; and when a given color moves 
down on a beveled edge, the main surface color has risen. 

Accurate measurements of the indices of refraction by the single or 
double variation method in immersion liquids give important informa¬ 
tion regarding the optic properties of crystals. For example, if a 
crystal has exactly the same index of refraction in any position of the 
rotating stage it is dark between crossed nicols and it is either isotropic 
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Fig. 159.—Movement of interference colors on a 
beveled edge. 
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and isometric/^ or it is lying so that light passes through it parallel 
with an optic axis. It is easy to distinguish between an isotropic 
crystal and one lying normal to an optic axis, if the crystal can be 
turned about half-way over on the glass slide so that the light will no 
longer pass through it in the same direction, since, after such a turning, 
an isotropic crystal will still be dark in all positions of rotation of the 
stage, while any other crystal will produce double refraction. If a 
crystal is lamellar so that it cannot be turned on the glass slide that 
fact suggests that it is not isometric; the question can be settled by 
examining the crystal in convergent light (produced by a condenser) 
under a high-power objective; then, by removing the ocular or using a 
Bertrand lens an “ interference figure can be seen if the crystal is 
not isometric, while no figure is produced if it is isometric. 

Next, if the crystal is uniaxial, and therefore tetragonal or hexag¬ 
onal, any grain or particle which remains dark (or very nearly so) 
on rotation of the stage is lying with its optic and vertical axis, exactly 
(or nearly) in the axis of the microscope. The index of refraction 
given by such a grain is necessarily that for the ordinary ray which is 
designated as w or No. After measuring the index of such a grain 
accurately it is only necessary to turn to a fragment of the same crystal 
lying so that it produces the highest interference color, and measure 
its index of refraction in each position of extinction. If the crystal is 
uniaxial, one of these indices will be exactly equal to the index given 
by the grain which remained dark on rotation, and this will be the 
index for the ordinary ray, co or No. The other index will be the index 
for the extraordinary ray, designated e or N^.. If N*. is greater than 
No, the crystal is optically positive or +; if N*. is less than No, the 
crystal is optically negative or If neither index of refraction 
obtained from the fragment showing the highest interference color is 
the same as the index given by the grain showing the lowest inter¬ 
ference color (dark between crossed nicols while rotating the stage) 
then, assuming that only one kind of crystal is present, the crystal is 
not uniaxial, but must be biaxial. 

DIRECTIONS FOR LABORATORY WORK 

Newton’s color scale.—Study the effect of the quartz wedge between crossed 
nicols on monochromatic light. (By burning table salt in a Bunsen burner flame, 
an intense yellow light may be obtained. Nearly monochromatic red or blue light 

* An unknown grain may be isotropic because it is amorphous; in that case it is not a 
crystal nor a part of a crystal. 
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may be obtained from ordinary light by filtering it through very deeply colored red 
or blue glass.) Then study the effect of the wedge on white light. Color the lower 
part of Fig. 149 as accurately as you can, making each color pass gradually into the 
next one. Use the colors produced by the wedge in white light as a guide, and 
compare the result with Michel L^vy^s table of birefringence. Make a tracing 
of Fig. 150 and study the effect on each color when O of the tracing is over i, 2, 3, 
etc., of the drawing. 

Determination of relative velocities.—To determine the relative velocities of 
the two rays transmitted by any crystal section not at extinction, turn the section 
45° from extinction, or simply turn it to the position of maximum illumination, 
since accurate orientation is unnecessary. Note the interference color produced 
and the order to which it belongs. Superpose a mica plate, sensitive tint plate, 
or quartz wedge, with its vibration planes bisecting the angles between the nicols 
and therefore parallel with the vibration planes of the mineral section. Note the 
interference color now produced, and determine the order to which it belongs. 
If the interference color has risen, the slow ray in the crystal has passed through 
the superposed plate as the slow ray, and its direction of vibration is shown by the 
arrow on t he plate. Note that the mica plate makes a change of interference color 
amounting to about one and a half of the major divisions on the table of Michel 
L^vy, while the sensitive tint plate moves the interference color about five 
and a half of the major divisions, or just one order; the quartz wedge pro¬ 
duces a change the amount of which depends upon the thickness of the part 
of the wedge in use at any given position. Use these plates in determining 
the relative velocities of transmitted rays in anhedra of quartz, of muscovite, 
and of augite. 

Determination of sign of elongation.—The sign of elongation of uniaxial 
crystals is -f in those crystals in which the slow ray is parallel with the axis 
of elongation and — in those in which the fast ray occupies this position. Since 
the elongation of uniaxial crystals is usually parallel with the vertical axis, the 
sign of elongation of such crystals is usually the same as the optic sign of the crys¬ 
tal. If the elongation is parallel with the basal pinacoid, the sign of elongation 
is the reverse of the sign of the crystal. Determine the sign of elongation of 
H 2 KPO 4 and Ca5F(P04)3. 

Determine the extinction position in quartz by each method for which you have 
the necessary equipment. To test the relative accuracy of the various methods, 
take the average of several readings of the position as determined by each. Try 
the methods in the following order: First: Simple contrast of dark and light 
between crossed nicols in parallel polarized light. Find the position of maximum 
darkness. Second: With the sensitive tint plate find the position at which the 
quartz is colored exactly like the color produced by the plate alone. Third: 
With a Bertrand ocular remove the upper nicol and replace it by a nicol placed 
above the ocular. See that this nicol is exactly crossed with the lower nicol so 
as to cut off all light when no crystal intervenes. When the Bertrand ocular is 
in position and the nicols are crossed, the quadrants are all colored alike in a pale 
greenish-blue tint. Find the position at which the quartz section does not modify 
the equality of color of these quadrants. Fourth: With Wright biquartz wedge 
plate use a superposed nicol, as with the Bertrand ocular. See that the nicols are 
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crossed and find the position at which the intensity of illumination in the two parts 
of the wedge is equal. 

Determine the extinction angle in asbestus and gypsum fibers. The extinction 
angle is the angle between the extinction position and some crystallographic 
direction, in this case, the axis of the fibers. Turn the stage till the fibers arc 
parallel to one of the cross hairs. The angle from this position to the nearest 
extinction position is the extinction angle; take the average of several readings of 
this angle. In asbestus the angle is very near zero degrees; in gypsum it is large. 

Determination of optic sign.—Those uniaxial crystals arc j>ositive in which 
the vertical (and optic) axis is the direction of vibration of the slow ray, and 
those are negat ive in which it is the direction of vibration of the fast ray. Thus, 
the sign of the crystal can be determined by the methods giving the relative 
velocities of transmitted rays whenever the direction of the vertical crystal axis 
can be determined in any w^ay, as, for example, by a study of the crystal form or the 
cleavage. Use, first sections of known orientation and determine the sign of 
quartz and apatite from vertical sections. Then determine the sign of tourmaline 
or apatite in rock sections. 
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OPTIC PROPERTIES OF BIAXIAL CRYSTALS 

As previously stated, isometric crystals are isoaxial; tetragonal and 
hexagonal crystals are uniaxial, and all other crystals (orthorhombic, 
monoclinic, and triclinic) are biaxial; in these there are two directions 
parallel to which all the light travels with the same velocity. 

Experimental double refraction in biaxial crystals.—The optic 
axis of a uniaxial crystal is parallel with the vertical axis, and all 

light of normal incidence passes 
through a basal plate with the same 
velocity and without polarization 
or refraction. In general, in biaxial 
crystals, neither optic axis is parallel 
with the vertical axis, and light 
of normal incidence on a basal 
plate is divided into two parts or 
rays traveling at unequal velocities 
and completely polarized in planes 
at right angles to each other. If 
the crystal is orthorhombic, like 
sulphur, neither ray is refracted at 
the surface of a basal section; 
both are “ordinary” rays in the 
sense of obeying the ordinary law of refraction. If such a section 
be placed over a small particle, two images of the particle are 
produced at unequal distances, directly above the object. In order to 
see these images separately it is necessary to use polarized light. A 
section of sulphur parallel to either the macro- or brachypinacoid 
produces exactly the same effects. All pinacoidal sections of an 
orthorhombic crystal act on light of normal incidence in the same way 
as vertical sections of uniaxial crystals; that is, two rays are pro¬ 
duced which obey the ordinary law of refraction at the surfaces, but 
travel at unequal rates and vibrate in planes at right angles to each 

los 



Fig. i6o. —Effects of sulphur on light 
incident at right angles on any pinacoid. 
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other, as in Fig. i6o. The velocity of light in a given substance is 
inversely proportional to its indices of refraction; by measuring the 
indices of refraction of sulphur for each pinacoidal plate, the following 
results may be obtained: 

INDUCES OI' KKKRACTION Ol-' SULPHUR 


From Plate Parallel to 


Basal pinacoid (ooi). 
Macropinacoid (loo). 
Brachypinacoid (oio). 


I For Ray \’ibrating Parallel to the Crystal Axis 




b 



I 05 

2 04 




2.04 

1 


1-05 

: 


c 


2.^4 

2.24 


It is evident from this table, not only that the indices are different 
for two rays of light traveling in the same direction, but vibrating in 
different directions, but also that the indices are the same for rays 
traveling in different directions, but vibrating in the same direction. 
The direction of vibration, and not the direction of transmission, 
determines the index of refraction. 

If the indices of refraction are then measured in several plates, 
all of which are parallel to the vertical axis, c, but make various angles 
with a and b, it is found that in each plate the crystal of sulphur has 
the index, 2.24, for light vibrating parallel to c, and an index varying 
between 1.95 and 2.04 for light vibrating at right angles to c and at 
varying angles to a and b; indeed the index of the crystal varies grad¬ 
ually from 1.95 to 2.04, as the angle between the plate and the axis a, 
and the consequent angle between the direction of vibration of this 
ray and the axis a varies between 0° to 90°. The two paths and the 
unequal velocity of light incident normally on a vertical surface of 
sulphur are illustrated in 'Figs. 161 and 162, in which the plane of 
incidence is at right angles to the vertical axis. The construction of 
these figures is similar to that of similar figures for uniaxial crystals. 
(Figs. 130-143-) 

Light incident normally on any surface of sulphur, the surface 
being parallel to one and only one crystal axis, and not normal to an 
optic axis, is divided into two rays polarized at right angles and travel¬ 
ing at unequal velocities, one of which is refracted, like an “ extraor¬ 
dinary ” ray and the other not refracted, like an “ ordinary ” ray. 
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In all biaxial crystals, the direction of vibration of the fast ray, 
having the smallest index, is designated as the axis X, that of the slow 
ray, having the largest index, as the axis Z, and that of the ray of inter¬ 
mediate velocity and intermediate index as the £ixis Y. In general, 
the ray vibrating parallel to F has an index which is not half way 
between the indices of the rays vibrating parallel to X and Z, but may 
be nearer to either. The axes, X, Y, and Z, are at right angles to each 
other in all biaxial crystals. 

The relative velocities of the two rays traveling in all directions 
at right angles to c in sulphur are represented in Fig. 163, in which the 
light is supposed to originate at the center, and move outward in all 



Fig. 161. 



Figs. 161, 162.—Effects of sulphur on light incident at right angles on any prism face. 


directions in the plane of the paper. It is thus traveling at right 
angles to the vertical axis, which is assumed to be normal to the paper 
at the center of the figure. Of the two rays traveling parallel to a, 
the slow ray, vibrating parallel to Z (which is parallel to c in sulphur) 
reaches the point S at the same time that the intermediate ray, 
vibrating parallel to F (which is parallel to 6 in sulphur), reaches the 
point I; at the same time, also, the fast ray traveling parallel to b 
and vibrating parallel to X (which is parallel to a in sulphur) arrives 
at the point F. The wave-front of the slow ray is a circle of radius 
inversely proportional to 2.24, since for all directions of propagation 
the vibration direction is the same; the wave-front of the other ray 
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is an ellipse whose axes are inversely proportional to the indices, 2.04 
and 1.95. 

Measures of the indices of refraction of sulphur in plates parallel 
to a and making various angles with b and c establish the facts that the 
crystal has the index, 1.95, for light vibrating parallel to a in each 
plate, and an index varying gradually from 2.04 to 2.24 for light 
vibrating at right angles to a, and at gradually decreasing angles 
with c. The wave-fronts of the two rays propagated in all directions 
at right angles to the axis a in sulphur are represented in Fig. 164, 
in which the wave-front of the fast ray is a circle of radius inversely 
proportional to 1.95 wholly outside of the wave-front of the other ray 


Y 



Fk;. 163.—Wave-fronts nor¬ 
mal to the vertical axis in 
sulphur, differences of veloc¬ 
ity being exaggerated. 



Fig. i() 4.—Wave-fronts normal to 
the axis a in sulphur, differences 
of velocity being exaggerated. 


which is an ellipse whose axes are inversely projjortional to the indices 
2.24 and 2.04. 

Measures of the indices of refraction of sulphur in plates parallel 
to b and making increasing angles with a show that the crystal has a 
constant index, namely 2.04, for light vibrating parallel to b, and an 
index varying gradually from 1.95 to 2.24 as the plate (and, therefore, 
the directions of vibration of the ray vibrating at right angles to b) 
makes increasing angles with the a axis. Consequently, there is a 
direction in this zone in which the varying index is exactly equal to 
the constant index, 2.04, and all the light accordingly travels with 
the same velocity. The wave-fronts of the two rays propagated in all 
directions normal to the axis b in sulphur are represented in Fig. 165, 
in which the wave-front of the intermediate ray vibrating parallel 
to V (that is, b in sulphur) is a circle of radius inversely proportional 
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to 2.04, which is cut at four points by the wave-front of the ray vibrat¬ 
ing at right angles to the F-axis. 

A perspective drawing of the wave-fronts in sulphur is given in 
Fig. 166; in most biaxial crystals the relative velocities of the rays 
along the axes X, Y, and Z are much less unequal than shown in the 
figure, and the points, S and S', may be nearer to Z or nearer to X; 
but the general form of the wave-fronts is the same in all. The rela¬ 
tion in position between the axes X, Y, Z, and the crystal axes, a, b, c, 
is not fixed, and, in general, it is not the same as that shown in Fig. 166. 
It will be described later. 

Measurements of the indices of refraction of sulphur, in any plate 
not parallel to a crystal axis, yield two values, both of which are greater 



Fig. 165. —Wave-fronts normal 
to the axis 6 in sulphur, dif¬ 
ferences of velocity being ex¬ 
aggerated. 



C 


Fig. 166. —Wave-fronts in axial 
planes in sulphur, differences 
of velocity being exagger¬ 
ated. 


than 1.95 and less than 2.24, one being greater and the other less 
than 2.04. The exact values vary gradually with the angles between 
the direction of vibration and the axes X, Y, and Z. Thus, the com¬ 
plete wave-fronts are continuous surfaces intersecting in only four 
points; three rectangular sections of the surfaces are shown in per¬ 
spective in Fig. 166, and a wire model of the surfaces is shown in 
Fig. 167. 

All plates of any orthorhombic crystal not parallel to any crystal 
axis (nor normal to either optic axis), and all plates of any biaxial 
crystal not parallel to any one of the axes X, Y, Z (nor normal to 
either optic axis), divide light incident at any angle (including that 
incident at 0°) into two rays, both of which are refracted at the sur¬ 
face in directions which do not lie in the plane of incidence. The 
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two rays are polarized at right angles and travel at unequal rates. 
Since they do not lie in the plane of incidence, it is impossible to con¬ 
struct their paths by means of plane figures; a diagram on three coor¬ 
dinates must be used. It is unnecessary, for practical purposes, to 
determine the precise paths of the refracted rays, and the subject 
need not be pursued further. But it is worth while to emphasize the 
fact that, in the general case, both rays are refracted (out of the plane 
of incidence), even though the light is incident at right angles; there¬ 
fore, in general, in biaxial crystals both rays are extraordinary in 
the sense of not obeying the ordinary law of refraction. 

Triaxlal ellipsoid.—In 
general, in biaxial crystals, 
for any direction of prop¬ 
agation there are two 
velocities; for any direc¬ 
tion of vibration there is 
only one velocity and one 
index of refraction. As 
with uniaxial crystals, all 
the velocities and all the 
indices of refraction for 
every direction of propa¬ 
gation of vibration in 
biaxial ciy^stals may be 
deduced from a single 
continuous surface, called 
an indicatrix, or index- 
ellipsoid. Such a surface Pjg 15^^ —^Model of wave-fronts of a biaxial crystal, 
is a triaxial ellipsoid, whose 

three symmetry axes are proportional to the three indices of refraction, 
namely, the greatest index, the least index, and the intermediate 
index of the crystal (the index for light vibrating at right angles to the 
directions of vibrations in the two preceding cases). The inter¬ 
mediate index of refraction is designated Nm, the subscript standing for 
mean, although the index is, in general, not a mean value of the other 
two, which are designated N^, and Np, as in the uniaxial crystals. The 
general form of the triaxial ellipsoid of a biaxial crystal is shown in 
Fig. 168; this is not an ellipsoid of rotation, since all three axes are 
unequal. The three planes, XF, AZ, and FZ, are planes of symme¬ 
try of the form, and there are no other planes of symmetry. All sec- 
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tions of the form passing through the center are elliptical; in two 
positions (YS and F 5 ') the ellipses have their diameters equal and 
are circles. The two circular sections include the intermediate axis F 
and are normal to the plane XZ. They must be equally inclined to Z 
(and also to A"") since, beginning with the section FZ, which has its 
long axis in the plane A"Z, and rotating the section to the right, a posi¬ 
tion must be found before reaching the position A" F in which the axis 
of the section in the plane A'Z is equal to F, inasmuch as this axis 
changes gradually from a length, Z, greater than F to a length, A", 
less than F; also, beginning with the same section and rotating to the 
left, another circular section must be found at the same angular dis¬ 
tance from Z, since the curves on either side of Z are alike. 


E 



Fig. 168,—'lYiaxial ellip¬ 
soid. 


Fig. i6q. “Derivation of index for 
a ray from the triaxial ellipsoid. 


If light travels from the center, 0 , of the ellipsoid, in any direction 
in the plane XZO, as to the point P (in Figs. i68 and 169), it consists, 
in general, of two rays vibrating at right angles to each other and 
normal to the direction of propagation,^ OP. If the point P is in one 
of the planes of symmetry, XV, XZ, or YZ, one direction of vibration 
is along that axis which is normal to the given plane of symmetry. In 
the case of the light traveling along OP, one part vibrates in the 
direction OY (suggested by the dots along OP) and its velocity is rep¬ 
resented by i/OY, while the index of the crystal for this ray is rep¬ 
resented by OY, or Nm. The other part, or ray, vibrates in the direc- 

* More accurately expressed, the vibration directions arc believed to be at right angles 
to the wave-normal directions. 
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tion OR, normal to OW (OW being a wave-normal of the ray OP) 
and OY; its velocity is represented not by ijOR, but by i/RN, N 
being determined by dropping a perpendicular from R upon OP; 
the index of the crystal for this ray is represented by RN, or its equal 
OF, if OD is parallel with RN and F is its intersection with EG, the 
tangent through R, which is parallel with OP. In all cases, the line 
which represents the index extends from the center to the tangent 
plane to which it is normal. The lines representing the indices ter¬ 
minate at the surface of the ellipsoid only when they coincide with 
OX, OY, or OZ, which are the only radii that meet their normal 
tangent planes at that surface. If the point P is not in one of the 
planes of symmetry, XY, YZ, or XZ, both lines representing the 
indices extend beyond the surface of the ellipsoid. 



Fig. 170.—' Derivation of index in the general case. 


Finally, if light travels in any direction whatever, not in a plane of 
symmetry of the ellipsoid, it consists in general, of two rays whose 
wave-normals, vibration directions, velocities, and indices cannot be 
obtained from any two-dimension figure, but may be obtained from a 
three-dimension model as follows: 

In Fig. 170 let OR^ represent the direction of the rays. Construct 
a cylinder (of elliptical cross section) parallel to OR and tangent at 
all points of an ellipse {P\P^ to the indicatrix, and find the chief axes 
of its elliptical cross section; the half-lengths of these axes are the 
reciprocals of the velocities of the rays; the S3nnmetry planes of the 
cylinder are the vibration planes of the rays. If P\ and P2 are the 
points of tangency of the tangent cylinder lying in these symmetry 
planes, OPi and OP2 are the vibration directions of the rays. If 

* OR may be considered to be a ray from the center O, of the triaxial ellipsoid 
(Fig. 169) to an indefinite point, R, 
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OIVi is normal to OPi in the plane PxOR, and ON2 normal to OP2 in 
the plane P2OR, then ONi and ON2 are the wave-normals of the rays. 
If perpendiculars are dropped from Pi and Po upon OR (produced), 
these lines are proportional to the indices of the crystal for the rays 
and are inversely proportional to their velocities.^ 

The directions of vibration of the light moving in a certain direc¬ 
tion are always at right angles to the wave-normals and to each other; 
the traces of the positions of these directions in the plane normal to 
the ray are determined by the positions of the major and minor axes 
of the elliptical section of the triaxial ellipsoid cut through its center 
by the plane normal to the ray. These directions of vibration bisect 
the angles between the intersections of the plane normal to the ray 
and the two circular sections of the ellipsoid; they also bisect the 
angles between the intersections of the plane normal to the ray and 
the two planes each containing the ray and one optic axis; or, again, 
they bisect the angles between the projections of the optic axes on the 
section, or plane of the microscope-stage. 

Optic Axes.—The two directions normal to the circular sections of 
the triaxial ellipsoid are called the optic axes (primary) and are com¬ 
monly denoted by the capital letters A and B, In orthorhombic 
crystals one optic axis is indistinguishable from the other, so far as 
its effects on light arc concerned; in other biaxial crystals there is no 
necessary nor constant difference between them. Since all diameters 
of the circular section are equal, all light rays whose wave-normals are 
parallel to either optic axis travel at velocities whose components in 
the direction of their wave-normals are equal; the rays in one cone 
have all possible directions of vibration (parallel to all diameters of 
the circular section). 

There is a very small angular difference^ of position between the 
directions A A and BB of Fig. 168, and the directions SS and S'S' of 
Fig. 165; the former are distinguished as primary optic axes and the 
latter as secondary optic axes. The difference in position is 0° 12' in 
orthoclase, 0° 15' in barite, 0° 52' in diopside, and is more than 2° only 
in crystals of large optic angle and very strong birefringence. For 
distinctness, this difference is exaggerated in Fig. 171, in which OP is 
the primary optic axis normal to the circular section of the triaxial 

^For a more complete discussion and demonstration see L. Fletcher: The Optical 
Indicatiix, London, 1892, and F. Pockds: Lehrbuch der Kristalloptik, Leipzig, 1906, 
PP- 48^55- JyJ 

* If AOB = 2V and SbS^ ** 2W, then tan 7 * ^ tan IF for a positive crystal. 
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ellipsoid at its center, and OR is the secondary optic axis, whose posi¬ 
tion is established as in Fig. 165. Neither the primary nor the second¬ 
ary optic axis is an axis of no double refraction, like the optic axis of a 
uniaxial mineral, but the wave-normal of light traveling along the 
primary axis suffers no change of direction. The two axes arc indis¬ 
tinguishable in common substances by ordinary methods. The plane 
bb' in Fig. 171 is tangent to the surface II at P, and also to the surface 
FC at Z); furthermore, it is tangent to these surfaces along a contin¬ 
uous circular line of which P and D are the extremities of the diameter 
marking the intersection of the optic 
plane; the plane of the circle is 
normal to the plane of the paper. 

Optic plane, optic normal, and 
bisectrices.—The optic axes lie in 
the plane of the greatest and least 
axes of the triaxial ellipsoid, which is 
called the plane of the optic axes, 
or, simply, the optic plane. The 
axis F, being at right angles to the 
optic plane, is known as the optic 
normal. The axes X and Z bisect 
the angles between the optic axes, 
and are therefore called the bisec¬ 
trices; the one which bisects the 
.smaller angle between the optic axes 
is known as the acute bisectrix, 
and the other is designated the 
obtuse bisectrix. The acute angle between the optic axes is called the 
optic angle, and is denoted by 2 V. 

Crystals in which Z is the acute bisectrix are said to be positive, 
for, if the angle between the optic axes be supposed to diminish to 0° 
(the limiting case), the two optic axes coincide, and the triaxial ellip¬ 
soid becomes an ellipsoid of rotation with its long axis coincident 
with the optic axis, which is the condition in a positive uniaxial crystal. 

Crystals in which X is the acute bisectrix are said to be negative, 
for, if the angle between the optic axes diminishes to its limit, the 
triaxial ellipsoid becomes an ellipsoid of rotation with its short axis 
coincident with the optic ads, which is the condition in negative 
uniaxial crystals. 

The angle between the optic axes is closely related to the relative 



refraction. 
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values of N^, N*, and N^; indeed, if this angle is represented by 2 V, 
the exact relation between it and the indices of refraction is given by 
the equation: 


tan 



The relation may be stated more simply as follows, if a close approx¬ 
imation is sufficient: 


Also, 


Positive Crystals 


tan V 


- N„ 


Positive Cr^^stals 


sin-’ V 


S. - N, 
- N„ 


Negative Crystals 


- N. 


\ — N 
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Negative Crystals 


sin-' V 


N„ - N, 
N„- -NV 


cos- V = 


- N„ 

N, - Np 


cos^ V 


N — 

V _ v 


Optic orientation.—There is a remarkably close relation between 
the symmetry of crystals and their optical properties. Isometric 
crystals, which have three equal ciystal axes that are commonly also 
principal axes of symmetry, have a wave-front whose axes are all 
equal. Tetragonal and hexagonal crystals have one principal axis of 
symmetry, and equal crystal axes at right angles to it; optically, the 
principal axis of symmetry is an optic axis and all the axes of the wave 
front at right angles to it are equal. No other crystals have a principal 
axis of symmetry (that is, one in which like planes of symmetry meet), 
and no other crystals have only one optic axis. Orthorhombic crys¬ 
tals have three rectangular axes of binary symmetry coincident with 
the three unequal crystal axes, and the three unequal ellipsoidal axes 
are parallel with them; in orthorhombic crystals of various kinds, any 
one of the ellipsoidal axes may coincide with any one of the crystal 
axes. Monoclinic crystals have one axis of binary symmetry (the 
crystal axis, b) with which one axis of the triaxial ellipsoid coin¬ 
cides in all cases. There being no s)mimetry axes to fix their position, 
the other two ellipsoidal axes (always at right angles to each other 
and to the first ellipsoidal axis) have positions in the plane of symmetry 
containing the crystal axes a and c, which vary with variations of 
chemical composition, and also, in a single crystal, with the wave- 
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length of the light. Finally, triclinic crystals have no axes and no 
planes of symmetry; in them the axes of the triaxial ellipsoid may 
occupy any position whatever, depending upon the composition of the 
crystal and the kind of light used, but always being at right angles 
to each other, and fixed in position for any kind of monochromatic 
light for all crystals of exactly the same composition of a given species. 

Absorption and pleochroism.—All substances absorb more or less of 
the light which is reflected or refracted at their surfaces. In isometric 
crystals, the amount of absoq 3 tion bears no relation to the crystal 
form; in uniaxial crystals it may vary with the direction of vibration 
of the light, and in cases of variation the absorption is a maximum or a 
minimum for light vibrating parallel to the optic axis, and a minimum 
or a ma.ximum for light vibrating at right angles thereto. In biaxial 
crystals, the amount of absorption may vary similarly, and the varia¬ 
tion may reach a maximum or a minimum for light vibrating parallel 
to any one of the three ellipsoidal axes. The facts in regard to absorp¬ 
tion in biaxial crystals are not completely expressed without stating 
the absorption parallel to each of the ellijisoidal axes. Absorption 
formulas are commonly written in terms of these axes; thus, X> Y>Z 
means that the crystal has the greatest absorption for light vibrating 
parallel to A”" and the least for that vibrating parallel to Z. 

Crystals not only absorb various proportions of the total light as 
the direction of vibration changes; they also, in many cases, absorb 
unequally the various kinds (wave-lengths) of light. Therefore, the 
color of reflected or transmitted light may vary with the direction of 
vibration. In biaxial crystals, such selective absorption may result 
in three different colors for light vibrating parallel to the three ellip¬ 
soidal axes. A pleochroism formula is a brief expression of the color 
observed with light vibrating successively parallel to each of these 
axes. For example, K2Co(S04)2 -6H20 has the following pleochroism 
formula: = violet red, F = yellow, Z = yellowish pink. 

DIRECTIONS FOR LABORATORY WORK 

Make drawings similar to Figs. i6i and 162 showing the effects of sulphur on 
light incident at right angles on the face on. 
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Biaxial crystal plates between crossed nicols.—In general, biaxial 
crystals affect parallel polarized light in the same way as uniaxial 
crystals. Except at the extinction position, a ray of polarized light 
is divided at the surface of the crystal into two rays which vibrate 
in planes which are at right angles to each other and are inclined to the 
planes of the nicols. The two rays are both refracted, and are refracted 
unequally, if the incidence is inclined; the same is true if the incidence 
is normal, provided the plate is not normal to a plane of symmetry 
of the triaxial ellipsoid. On account of the differences of phase of 
the transmitted light, interference colors are produced just as with 
uniaxial crystals. When a biaxial crystal plate is rotated between 
crossed nicols, monochromatic light is extinguished when the vibra¬ 
tion planes of the crystal coincide with the vibration planes of the 
nicols. In most biaxial crystals, white h'ght is extinguished under 
the same conditions; in a few the vibration planes of different colors 
are not coincident nor so close together that their separation produces 
no visible effect—in these crystals it is only possible to obtain extinc¬ 
tion of one part of the spectrum at any given position. 

Sections of uniaxial crystals normal to the optic axis cut off all the 
light between crossed nicols, provided the rays are strictly parallel 
and strike the sections at right angles. Under the same conditions 
plates of biaxial crystals normal to an optic axis do not cut off all the 
light, the amount passing through depending upon the birefringence, 
the dispersion, etc. This difference is due to several facts; the optic 
axes of biaxial crystals are not precisely the same in position for dif¬ 
ferent parts of the spectnun; therefore no single section can be exactly 
normal to the optic axis for all colors; also, the effects of the primary 
and secondary optic axes are commonly blended, so that refraction 
occurs at each surface of the place (interior and exterior conical 
refraction), and the vibration-directions of part of the light are so 
shifted as to allow a small portion to pass through the analyzer. 
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Extinction angles. —Isoaxial crystals are extinguished in all posi¬ 
tions between crossed nicols and therefore have no extinction angles. 
Uniaxial crystals have extinction which is parallel to basal or 
prismatic faces or cleavages in all sections; the extinction is, in 
general, not parallel to rhombohedral faces or cleavages. In com¬ 
mon biaxial crystals, the most prominent faces and cleavages are 
either pinacoidal or prismatic. The extinction directions in such 
crystals bisect the angles between the projections of the optic axes on 
the section, or on the plane of the microscope-stage. In sections 
parallel to the vertical axis, extinction is parallel to pinacoidal or 
prismatic cleavage in orthorhombic crystals; it is inclined to such 
directions, except in orthopinacoidal sections, in monoclinic crystals, 
and is inclined to such directions in all vertical sections in triclinic 
crystals.^ 

In cross sections (that is, those normal to the vertical axis) extinc¬ 
tion is parallel to pinacoidal cleavage in orthorhombic and monoclinic 
crystals, and inclined in triclinic minerals; in the same sections, 
extinction bisects the angles between prismatic cleavages (and is 
therefore called symmetrical) in orthorhombic and monoclinic crys¬ 
tals, and is inclined in triclinic. 

In sections parallel to the side pinacoid (oio), extinction is parallel 
to pinacoidal or prismatic cleavages in orthorhombic crystals, and 
inclined to those directions in monoclinic and triclinic crystals. 

In general, extinction, measured on pinacoidal or prismatic cleav¬ 
ages or faces, is parallel or symmetrical in all sections parallel to one 
(or two) crystal axes in orthorhombic crystals; it is parallel or sym- 
metrical in all sections parallel to the ortho-axis, 6, and inclined in all 
other sections in monoclinic crystals; and it is inclined in all sections 
parallel to a crystal axis in triclinic crystals. 

Extinction angles may be made more useful when they are ex¬ 
pressed in terms of the relations between definite vibration planes and 
definite crystal directions. For example, it is true that the maxi¬ 
mum extinction angle in the vertical zone in some types of hornblende 
is 20°, but it is much better to express this as the angle between the 
vibration direction of the slow ray (Z) and the direction of the ver¬ 
tical axis (c), thuSjZ a ^ = 20°. This makes the statement more exact, 
and thus doubles the possible range of extinction angles which can 
be measured. For instance, if the extinction angle in the vertical zone 

^ Parallel extinction is not impossible in triclinic crystals, but in them it would be 
merely a result of chance. 
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of augite is measured, it will be found to have a maximum value of 
40° in one type. In this case the measure made is merely to the 
extinction position nearest the direction of the cleavage which marks 
the vertical axis. But if the measure is always made from the cleavage 
to the vibration direction of the slow ray, Z, it is clear that 45is no 
longer the greatest possible angle—this is now 90'’. Therefore, augite, 
whose maximum extinction angle in the vertical zone is 40may be 
distinguished from another type whose maximum extinction angle 
is 50°. 

The measurement of extinction angles, thus, to a specified vibra¬ 
tion direction is useful if the orientation of the crystal plate is known. 
The orientation may be only imperfectly known, as illustrated by the 
measurements just cited in the vertical zone\ in such a case, it is neces¬ 
sary to make se\'eral measures in differently oriented grains or anhedra 
(in the zone) and assume that the largest angle found is the true 
maximum of the zone. This assumption is justified as an approxima¬ 
tion, because it is usually true that a large part of the zone gives an 
angle varying only a little from the maximum. This is one of the 
methods used in determining plagioclase feldspars, the zone most 
frequently used being that normal to the twinning plane (010), which 
shows equal extinction angles in the two parts of the twin. 

Again, the orientation may be definitely known with respect to 
crystal directions, as illustrated when extinction angles are measured 
in cleavage fragments from a known cleavage direction. This is 
another method used in studying feldspars, the extinction angles of 
which are useful in flakes from either cleavage. 

Finally, the orientation may be definitely known with respect to 
optical directions, as is the case when extinction angles are measured 
in sections normal to optic axes, bisectrices, or the optic normal. 
Since sections normal to optic axes are indistinguishable one from the 
other, and, moreover, are nearly at extinction in all positions, so that 
extinction positions cannot be accurately determined, these sections 
are rarely used for this purpose. The measurement of extinction 
angles in sections normal to bisectrices is a very useful method in the 
study of triclinic crystals, especially the plagioclase feldspars. In 
some monoclinic crystals the measurement of extinction angles 
normal to F gives better and more definite results than a search for the 
maximum extinction angle in the vertical zone, because, in those mono- 
clinic minerals in which Y is parallel with the extinction angle 
normal to Y is not necessarily the maximum angle of the vertical zone. 
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The position of the axes A'', F, and Z, in three minerals having F 
parallel with d, is shown in Fig. 172. The position of A^, F, and Z in 
three substances having A" parallel with b is shown in Fig. 173. 

Sign of Elongation,—The elongation of biaxial crystals is, in most 
cases, parallel with the vertical axis; wollastonite is elongated parallel 
with the axis b; some crystals of feldspar arc elongated parallel 
with the axis a. Many biaxial minerals, including kaolinite, pyro- 
phyllite and barite are elongated or flattened parallel with the base 
(001); a few, like microcline, 
and gypsum are flattened 
parallel with the side j)ina- 
coid (010); and serpentine, 
monazite, chrysoberyl, etc., 
are flattened parallel with 
the front pinacoid (100) 

As with uniaxial crystals, 
the sign of elongation is de¬ 
termined by the relation in 
position of the directions of 
vibration and the direction 
of elongation (or flattening). 

The sign of elongation is 
positive in case the direction 
of vibration of the slow (Z) 
ray is nearest to, or coincides 
with, the axis of elongation, 
and it is negative in case the 
fast (A") ray occupies this 
position. If the intermediate 
axis, F, is nearest to, or 
coincides with, the axis of 
elongation, the sign of elonga¬ 
tion is plus in some sections and minus in others, and the substance is 
said to have an elongation which is plus or minus (=l). Thus, if an 
orthorhombic crystal is elongated parallel to F and c, and if Z is 
parallel with a, the elongation is positive in a macropinacoidal section 
and negative in a brachypinacoidal section, since the ray vibrating 
parallel to F travels faster than the Z ray, but more slowly than the 
A’ ray. 

In monoclinic and triclinic crystals in which, in general, no dircc- 



Fig. 172,—Position of the axes A", Y and / in (i) 
cpidote, (2) CaMgSi.Ofi, and (3) glaucophane. 
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tion of vibration is parallel with the axis of elongation, the sign of 
elongation is determined by the relative velocity of that ray whose 
vibration direction is nearest the axis of elongation. Thus, all pyrox¬ 
enes (except those varieties in which the optic plane is normal to oio) 
have positive elongation when the angle between Z and c is less than 
45°, and negative elongation when it is greater than 45°. 

In crystals which exhibit flattening (or elongation parallel to a 
plane), all sections except those parallel to the plane of flattening show 



Fig. 173. —Position of the axes X, 1'and Z in (i) CaaBcOu-sHsO, (2) Fe3P20B, 8H2O, 
(3) monazite, and (4) NaaBBO? • loH-.O. 


an apparent elongation whose direction is variable, depending upon the 
direction in which the section is cut. In such crystals the sign of 
elongation is determined by the relation in position of the vibration 
directions (axes of the triaxial ellipsoid) and the normal to the plane of 
flattening. The sign of elongation is positive in case X coincides with, 
or is nearest to, the normal to the plane of flattening, plus or minus 
(±) in case F is so situated, and negative in case Z occupies this 
position. Thus, kaolinite and barite have positive elongation, since 
in them X is normal to the basal flattening. 
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DIRECTIONS FOR LABORATORY WORK 

Interference colors.™ Many sections of biaxial crystals (all sections of some 
biaxial crystals) produce, between crossed nicols, interference colors which are 
indistinguishable from those produced by uniaxial crystals; they are due to the 
same causes and dependent upon the same factors, namely, the birefringence 
of the substance, the direction in which the section is cut, and the thickness of the 
section. Sections parallel to both optic axes (and therefore parallel to the optic 
plane) produce the highest interference colors; those normal to an optic axis 
produce the lowest colors. Find sections normal to an optic axis of one or more 
biaxial crystals (for example, BaS04 or KNO3) and describe the amount and kind 
of light transmitted by them between crossed nicols. 

Some cyanides, including Na2TT(CN)4-3H20, have such strong dispersion of 
their vibration directions that in no position of rotation are the vibration planes 
for all parts of the spectrum parallel to the vibration planes of the nicols. There¬ 
fore, there is no position of complete extinction for sections of such substances, 
and, near the extinction position, abnormal interference colors are observed. 

Extinction angles.—Oriented sections may be used to advantage in the pre¬ 
liminary study of extinction angles. 

Test the following statements and record results: 

Extinction is parallel to prismatic cleavages in all sections of the vertical zone 
in an orthorhombic substance, for example, orthorhombic MgSiOa. 

Extinction is symmetrical in all sections parallel to a or ^ and not parallel to c, 
in the same substance. 

Extinction is inclined in all other sections of the same substance. 

Extinction is parallel to pinacoidal cleavage in all sections parallel to any 
crystal axis in an orthorhombic crystal, for example, CaS04. 

Extinction is inclined in all other sections of the same substance. 

Extinction is parallel to prismatic cleavage in orthopinacoidal (100) sections of 
a monoclinic crystal, for example, CaMgSioOe. In the same substance it is sym¬ 
metrical in other sections parallel to b, and inclined in all other sections. 

Extinction is parallel to pinacoidal cleavage in all sections parallel to h in a 
monoclinic crystal, for example, KAlSisOg. It is inclined in all other sections 
of the same substance. 

Extinction is inclined to prismatic cleavage in all sections of a triclinic crystal, 
for example, RaCdCR * 4H2O. 

Extinction is inclined to pinacoidal cleavage in all sections of a triclinic crystal, 
for example, NaAlSisOg. 

These facts may be used, not only to determine the crystal system and thereby 
gain a clue to the character of an unknown crystal, but they may be employed 
also to fix the orientation of sections of a known crystal. 

Sign of elongation.—Determine from sections the sign of elongation of several 
biaxial crystals, for example, asbestus, gypsum, and NaHCOs. Use the same 
methods employed with uniaxial aystals. 
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THE UNIVERSAL STAGE 

By R. C. Emmons 

Heretofore the discussion has dealt with thin sections and 
grains in random orientations in immersion media, from a study of 
which the student can frequently reach valuable conclusions. How¬ 
ever, it is commonly necessary to search carefully for a grain of suit¬ 
able orientation for a particular purpose and even then it is seldom that 
the orientation is exactly correct. In measuring refractive indices 
of anisotropic substances the accuracy desired depends on the pur¬ 
pose in mind. For a cursory study of indices, which aims merely at 
a confirmatory determination, a random grain is usually sufficient. 
When the unknown substance is one of several substances having 
approximately the same indices of refraction, greater accuracy is 
needed and this usually means, first, that the grain being studied must 
have a known critical orientation, one that will transmit rays with two 
critical indices, N„ and Nm or Nm and Np or N„ and N;, for biaxial 
crystals or No and N, for uniaxial crystals. To secure a critical 
orientation by rotating grains on a microscope slide is most uncertain. 
To identify such orientations is not always easy, and, if accurate 
critical orientations are necessary, then mere manual rotation of grains 
on a slide is quite unsatisfactory, as it very seldom yields an accurately 
oriented grain. 

The universal stage has for its main purpose the rotation of a 
mount to give any orientation desired within a rather wide range. 
By means of this rotation light is transmitted in such a way that the 
refractive indices for critical directions may be measured with con¬ 
siderable speed and accuracy. From these refractive indices the optic 
angle (2V) can be calculated and the optic sign determined. The 
optic angle and sign may also be determined readily by direct measure¬ 
ment on the universal stage. Reliable checks of the universal stage 
are thus obtained which reveal and usually locate errors, which may 
creep into determinative work, and at the same time these, added 
critical data are made available. The procedure 5delds, too, the dis- 
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persion of the various rays in the same manner as brought out in the 
discussion of the double variation method. The calculations are 
facilitated by the graphs given in Plates I-IV, which relieve the 
operator of the necessity of complicated graphical construction. 

The modified universal stage has six axes of rotation which, from 
the center out, are as follows: First, a vertical inner stage axis (sec 
Fig. 174 and also Fig. 112, on page 48). This is used to turn the 
grain to extinction. Second, an inner east-west horizontal axis. This 
is used to tilt the grain after extinction is reached in order to bring 
the first optic symmetry plane into a position parallel with the E-W 
nicol. Third, a north-south horizontal axis. This is used to bring 
one of the critical vibration directions which lies in the first optic 
symmetry plane into a position parallel with the axis of the microscope. 





1. Inner stage vertical axis rotation. 3 N.S. horizontal axis rotation. 

2. Inner stage E.W. horizontal axis rotation. 

4. Outer stage E.W. horizontal axis rotation. 

5 Outer stage vertical axis rotation. 

Fig. 174. -Movements of the improved universal stage. 


It is also used to search the first optic symmetry plane for optic axes 
as shown in detail below. Fourth, an outer east-west horizontal axis. 
The graduation on this axis carries a vernier. It is used to search the 
second optic symmetry plane for optic axes and it is also used to 
measure the optic angle in either plane, if the optic plane is identified 
as one of them. Fifth, a vertical outer-stage axis. This is used to 
rotate the first optic symmetry plane into a north-south position in 
case it should be found to be the optic axial plane. This makes it 
possible to measure V or 2 V on the vernier scale. Berek uses this 
rotation to measure the optic angle indirectly. Sixth, the micro¬ 
scope stage vertical axis, or, better still, as on some microscopes, 
the axis of simultaneous rotation of both nicols. This is used just 
before making the actual measurement of the optic angle. The nicols 
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are rotated to the 45-degree position which gives the sharpest extinc¬ 
tion when an optic axis is brought parallel to the axis of the micro¬ 
scope. The order in which these rotations are described is essen¬ 
tially the order in which they are used. For uniaxial crystals fewer 
axes of rotation are needed than for biaxial crystals. 

Uniaxial crystals.—For any position of extinction of a uniaxial 
crystal the plane of \'ibration of one of the nicols includes the optic 
axis of the crystal. If then the crystal is rotated on an axis per¬ 
pendicular to this plane, the optic axis must still remain in the plane— 
or, in other words, the crystal will remain at extinction. If, on the 
other hand, the crystal is rotated on a horizontal axis which lies in 
the plane to which the optic axis is parallel, then the crystal will depart 
from extinction unless the optic axis is either parallel or perpendicular 
to the rotation axis. For, otherwise, the optic axis is rotated out of 
a position of parallelism with one of the nicols. 

In order to orient a uniaxial crystal, this line of reasoning may be 
reversed. Turn the crystal to extinction on the vertical inner stage 
axis. Rotate, first on one horizontal axis, then on the other per¬ 
pendicular to it. On one of these rotations the crystal will remain at 
extinction. The optic axis lies in the plane that is perpendicular to 
this axis of rotation. There are two theoretical possibilities that the 
crystal will remain at extinction on both rotations—the optic axis is 
either horizontal or vertical, and, therefore, on either rotation it is 
parallel constantly with the vibration plane of a nicol. If the optic 
axis is horizontal, the crystal will show its maximum birefringence 
in the 45-degrec position, and if vertical, it will show no birefringence 
in the 45-degree position. 

The recommended procedure, then, is to select a grain of rather 
strong birefringence. Turn to extinction. Rotate on each of the 
two horizontal axes in turn and note on which rotation the crystal 
remains at extinction. Make this the E~W axis by a 90-degree 
rotation, if necessary, on the inner stage vertical axis. Then rotate 
slowly on the inner E~W axis in one direction until it is possible to 
rotate on the N-S axis without departing from extinction. If a crys¬ 
tal of relatively strong birefringence was selected, then only the posi¬ 
tion of maximum birefringence can be reached, that is, it is possible 
to make the optic axis horizontal, but probably not vertical. How¬ 
ever, the vertical position is not needed except to test for a small optic 
angle. In the horizontal position both of the rays wanted are trans¬ 
mitted. 
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Biaxial Crystals. —The three dimensional wave-front model of 
biaxial crystals (the triaxial ellipsoid) has three mutually perpendicular 
planes of symmetry, illustrated in Fig. 175. The vibration directions 
of rays having indefinite directions of transmission are somewhat com¬ 
plicated. But, since rays whose refractive indices are of critical value 
vibrate within these symmetry planes and are also transmitted in 
directions which lie in these planes, attention may be confined to these 
directions within the crystal. It is to be remembered that light being 
transmitted in a given direction within a plane of s)TTimetry is com¬ 
posed of two rays one of which vibrates in the same plane and the 


z 



Fig. 175.—Symmetry planes of the triaxial ellipsoid in perspective. 


other in a direction normal to that plane, both vibration directions being 
perpendicular to the direction of light transmission. The aim then 
is to adjust the crystal until the axis of the microscope lies in at least 
one of the planes of symmetry of the triaxial ellipsoid. When this 
condition is fulfilled the line of intersection of the other two planes is 
perpendicular to the axis of the microscope. This line of intersection is 
always one vibration direction of the light transmitted and this ray 
has a critical refractive index. The other vibration direction lies in 
the plane of symmetry which includes the axis of the microscope; the 
refractive index of this ray is between the other two critical indices. 
A rotation in cither direction on an axis perpendicular to this plane 
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causes the second ray to change in refractive index toward one or the 
other of the remaining two critical refractive indices. This principle 
is used when the full rotation cannot be made, to extrapolate and 
obtain the critical indices, either the third from the second and an 
intermediate reading, or the second and third from two intermediate 
readings. 

Normally a crystal fragment or thin section of a crystal suitably 
mounted on the microscope stage is so oriented that the axis of the 
microscope lies diagonally in one of the indicatrix octants and not in 
one of the planes of symmetry. That is, the orientation of the selected 
grain is safely assumed to be such that X, Y, and Z are all inclined to 
the axis of the microscope and to the stage of the microscope. The 
first step in orienting the grain is to make one of the planes of sym¬ 
metry of the triaxial ellipsoid in the crystal parallel to one of the planes 
of the nicols. To do this three rotations of the stage are needed. 
Using the vertical inner stage rotation turn the grain to a position 
of extinction. This position will suffice as a starting point without 
the next step, but the procedure is somewhat simplified if the next 
step is taken. Next rotate separately on each of two mutually per¬ 
pendicular horizontal axes of rotation, and note on which axis the 
grain departs less from extinction. Then rotate 90 degrees, if neces¬ 
sary, on the vertical inner stage axis to make a rotation on the north- 
south axis depart less from extinction. Now the grain is so oriented 
that when all horizontal axes read zero the steepest optic symmetry 
plane strikes in a general east-west direction, and dips either north or 
south. The steeper the dip the less is the departure of the strike from 
a true east-west direction. 

To make this symmetry plane parallel to the east-west nicol the 
procedure is as follows: Rotate a few degrees on the inner E-W hori¬ 
zontal axis in either direction. This causes the crystal to depart 
from extinction. Bring the crystal back to extinction by a small 
rotation on the iimer stage vertical axis. Now if the first of these two 
rotations was made in the right direction, the crystal in its new posi¬ 
tion may be rotated on the N-S horizontal axis and the departure 
from extinction will be less than before. If the departure from 
extinction is greater than before, then this first rotation was in the 
wrong direction. In other words, it must be determined empirically 
whether the first optic symmetry plane is dipping north or south. 
Having decided in which direction to rotate the crystal on the inner 
stage E-W horizontal axis, then by successively rotating on this axis 
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a few degrees returning the crystal to extinction by a rotation on the 
inner stage vertical axis, and testing by a rotation of the N-S hori¬ 
zontal axis, the first optic symmetry plane is made parallel to the 
E-W nicol. Parallelism is obtained when a rotation on the N-S axis 
does not disturb extinction. This operation is a “ cut and try ” 
procedure and is, therefore, the most difficult and imsatisfactory 
feature of the universal stage manipulation. However with a 
little practice it requires very little time. We have now made the 
first optic symmetry plane parallel to the E-W nicol. We may 
safely assume that the other two symmetry planes (which we know 
are striking true north and south) dip one east and one west. 
There is only a theoretical possibility that one is vertical and one 
horizontal. 

The next step is to make one symmetry plane vertical and one 
horizontal, or, in other words, make two of the directions X, V, Z, 
horizontal and one parallel to the axis of the microscope. Attention 
is called to the fact that the verniers of both the other horizontal axes 
(i.e., the outer E-W and N-S horizontal axes) still read zero. The 
ray which is vibrating parallel to the N-S nicol is one of the critical 
rays vibrating parallel to A”, F, or Z. The N-S horizontal a.xis is 
parallel to this vibration direction. Therefore, this axis (N-S) lies 
in each of the other two optic s}nnmetry planes and a rotation on it in 
one direction tends to make one of these planes parallel to the N-S 
nicol, and in the other direction to make the other plane parallel to 
the nicol. The grain is now at extinction which is the only criterion 
under the circumstances for knowing when an optic symmetry plane 
is parallel to the nicol. Therefore, on the outer stage E-W horizontal 
axis rotate a few degrees thereby causing the crystal to depart from 
extinction. Then rotate on the N-S horizontal axis (now slightly 
inclined) in either direction until extinction is secured. Now return 
the outer stage to its zero reading and the crystal is oriented for the 
universal stage. The last rotation on the N-S horizontal axis can 
commonly be made either way. It can be made in only one direction 
if one of the other optic S3anmetry planes that is being sought is dip¬ 
ping steeply. Then a small rotation in one direction brings extinction 
and a large rotation in the other direction may fail to bring extinction. 
If it is possible to obtain extinction both ways, then all three symmetry 
planes may be made parallel to the nicols, two at a time; also, all 
three rays vibrating parallel to X, Y, and Z, may be transmitted, two 
at a time. 
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Optic axial angle. —Knowing the orientation of the grain, the 
operator turns next to a determination of the optic plane and a 
measurement of the optic angle. Rotate the nicols to the 45-degree 
position (or, if the microscope is not equipped for the simultaneous 
rotation of the nicols, rotate the stage of the microscope). Then 
rotate the crystal from its oriented position, first using the outer stage 
E-W horizontal axis and second the N-S horizontal axis. If, on either 
rotation, extinction is reached, then this extinction position is an optic 
axis position. Since the nicols are at 45 degrees to the planes of sym¬ 
metry, which in turn include the only possible vibration directions for 
the orientations being used, then it is only when the direction of 
transmission is parallel to an optic axis that the plane of vibration of 
the polarizer is not rotated in the mineral, and extinction results. 
The optic axis position may be checked readily by rotating either the 
nicols or the stage of the microscope—extinction should persist. 
Measure the angle of rotation required—either it or its complement 
(corrected for refractive index as shown below) is V. If the optic 
plane proves to be the E-W (i.e., the first selected) S3mimetry plane, 
then it is well to rotate the mount through 90 degrees on the outer 
stage vertical axis. Then the symmetry plane is in the N-S position 
and V may be measured on the vernier scale of the outer stage E-W 
axis. If neither of the vertical s)mimetry planes is the optic plane 
then the horizontal plane must be the optic plane. It may or may not 
be possible to make this plane vertical. If not, then a slight move¬ 
ment of the grain is likely to be sufiicient to give a more favorable 
orientation. The entire procedure must, of course, be repeated again, 
but with very little practice it should take only a few minutes. 

Unless the substance is one of weak birefringence readings of quite 
satisfactory accuracy ' may be obtained for 2V by direct measurement 
if the proper conditions required for the illumination of the stage are 
observed. These are given in a later paragraph. If for any reason the 
optic angle is not measured directly, it can easily be calculated from 
the determination of refractive indices toward which this procedure 
is leading. Or 2V may be obtained from Wright’s graph (Plate IV). 

Universal Stage Conditions. —In general all crystals are oriented 
on the basis of extinction. To recognize an extinction position accu- 

^ Wright describes a method that is still more accurate but quite lengthy and tedious. 
It consists in plotting the optical curves of Fedoroff in projection and locating the optic 
axis at the midpoint of intersection. See Methods of Petrographic Microscopic Research, 
Washington, 1911, p. 179. 
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rately is essential. As pointed out by Wright and others the correct 
position is not always the darkest as it would be for perfectly parallel 
light, but it is a position of comparative darkness, the intensity of 
which does not change on the various selected rotations. Some 
prefer to insert a sensitive tint plate over a crystal at extinction, 
reduce the ocular diaphragm to exclude the effects of other crystals 
and note changes in the sensitive tint as a test of extinction. 

The conditions required for universal stage work are given in modern 
texts on the subject. For crystals of strong birefringence fewer pre¬ 
cautions are necessary. However, since most crystals, commonly 
handled, do not have strong birefringence, it becomes necessary to 
employ added refinements of procedure for which we are largely 
indebted to Berek.^ The light should be as nearly parallel as possible. 
To obtain this, the diaphragms above and below the polarizer should 
be closed. Also, the diaphragm in the objective, if one is available, 
should be closed to exclude reflections, but quite satisfactory results 
can be obtained without this. With these diaphragms closed, an 
intense light is employed, for which an arc lamp serves well. If mono¬ 
chromatic light is employed from a monochromator, then the dia¬ 
phragms need not be closed, as other conditions supply the parallelism 
required. A low power objective is used. 

The stage should, of course, be properly centered so that the three 
vertical axes coincide and the three horizontal axes are properly 
aligned with the nicols or cross hairs. To check the alignment of the 
horizontal axes, the simplest procedure is to raise the objective until 
it is focused upon the surface of the upper hemisphere, then rotations 
on the horizontal axes should cause dust particles in focus to move 
parallel to the cross hairs. 

Directions of light transmission within crystalline grains mounted 
on the universal stage are modified on entering the upper hemisphere 
in quite the same way that these directions are modified on passing 
into the air from a microscope slide. If the crystal has a refractive 
index greater than that of the upper hemisphere, then the apparent 
direction of transmission makes a greater angle with the perpendicular 
to the inner stage than does the true direction of transmission. Two 
or more hemispheres of different refractive indices are, therefore, 
provided for convenience. Apparent angles, as read on the scales of 
the horizontal axes of the universal stage, are simply corrected by 
knowing the refractive indices of the hemisphere and of the crystal. 

»M. Berek, N, Jahrb. Min. Beil. Bd. XLVITT, 1Q23. 
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For this purpose a graphic solution is provided in most texts, designed 
after Fedoroff. This is reproduced in Plate I. Therefore, all vertical 
angles as read on the arcs of the universal stage must be corrected by 
this diagram to obtain true values. There is here also the added 
advantage over thin sections that for this correction in working with 
powdered material the exact indices are known. It is sometimes 
advantageous when a large angle is to be read to use a high-index 
hemisphere, even on a crystal of comparatively low index, as this 
decreases the apparent angle. 

Temperature Control.—In order to apply the principles of the 
double variation method of crystal determination it is necessary to 
be able to control and vary the temperature of the mount at will. 
To accomplish this, a special water cell has been designed for the 

_ _____ universal stage, and is 

intended to be connected 
W ^ ^ ^ X series with the water 

// \ circuit of the refractom- 

11 iff M ^ eter. The cell is 

I [ j !) ;| ] shown in Fig. 176. It 

u JJj ll J consists of a metal disk 

\N ^J /— — ; in the center of which is 

J/ \ mounted the lower 

I hemisphere. This con- 

— stitutes the lower side 

Eir.. 176.—Temperature cell for index-variation ^ ,, rr», 

methods. the cell. The upper 

side is the central glass 

disk of the universal stage cemented to the metal disk along a 

raised margin. This is so adjusted as to leave a space between the 

metal and glass disks equaling in dimension the thickness of a 

microscopic slide. It is through this space that water flows. The 

water is so directed by partitions that it flows directly across the 

center of the cell and returns around the margin. The intake and 

outlet tubes lead from the lower surface of the cell at one side. 


The cell is designed, of course, to fit in the place of a central glass 
disk of the stage. In making mounts no slide is used, but a cover 
glass is placed directly on the upper surface of the cell, then the 
mount on this cover glass and another cover glass over this. 
The upper hemisphere is then clamped into position—all with 
suitable liquid contacts. The glass of the cell and the upper 
hemisphere is protected from injury by the mount by the cover 
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glasses. These cover glasses suffer considerable scratching from 
hard crystals. 

Mounting procedure. —The procedure for mounting thin sections 
differs somewhat from that for mounting powdered material. For 
thin sections place a drop of oil on the central glass disk and one on 
the top of the cover glass of the slide. The lower and upper hemi¬ 
spheres are then put in place, all contacts being made with oil. The 
oil should have an index near that of the glass. The procedure is 
standard. If the powder mount is being made without the water cell 
described above, then a standard mount is made on a slide in a suitable 
liquid, and suitably covered. This is then mounted in the same 
manner as the thin section. If the water cell is used, then the powder 
is mounted between two cover glasses. All contacts are made with 
the same liquid to avoid possible contamination. If has been stated 
that the upper surface of the cell is at a height on the stage equivalent 
to the upper surface of a glass slide resting on the standard glass disk. 
Therefore, the powder mounted on the water cell, without a glass slide, 
is at a proper elevation. The particular immersion liquid used is one 
selected after a brief study of the substance in the ordinary way. The 
greater facility of the daily procedure makes a cursory examination in 
this way highly desirable before attempting to use the universal stage. 

The determination of refractive indices. —The Becke line method, 
when employed with the universal stage, is outstandingly satisfactory. 
The commonly given text-book explanation that the Becke line 
results from light refracted at a surface between two substances that 
is perpendicular to the cover glass is doubtless satisfactory in some 
instances in thin section work. But most petrographers do not rely 
upon this explanation for immersed powders; rather, the effect results 
from the roughly lenticular shape of the grain. It is dependent for 
sharpness, then, upon parallel light, an effect that is commonly gained 
by lowering the substage. The universal stage with the added dis¬ 
tance between the microscope stage and the mount is, therefore, 
particularly well suited to the Becke line method. This is well 
borne out by experience, for a suitable mount on the universal stage 
gives a very strong Becke line with both white and monochromatic 
light, using a low power objective. When using white light, if the 
index of the crystal and that of the liquid coincide for light of one 
wave length, then the dispersion of the rays is very marked unless the 
dispersion of the crystal is high, and nearly equal to that of the liquid. 
In short, the Becke line on the universal stage is at least as satisfactory 
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as under the most favorable circumstances in standard use. There¬ 
fore, by employing monochromatic light of variable wave length, 
a very accurate coincidence of indices can be secured. 

It is almost always possible to rotate any grain on the universal 
stage sufficiently to make two of the symmetry planes of the optic 
indicatrix perpendicular; that is, to secure two of the principal rays. 
But it is not often possible to rotate from this position through a suf¬ 
ficiently large angle to secure the third principal ray. It is possible, 
however, to rotate through a considerable angle on the horizontal axis 
that is perpendicular to the plane of the vibration of the polarizer, 
though it may be necessary first to rotate 90° on the vertical 
outer stage axis. Now the refractive index may be measured in this 
new position. Knowing the refractive index before rotation on the 
horizontal axis and knowing the angle of rotation (corrected for 
refractive index—Plate I) and the difference in index, therefore, it is 
possible to calculate the correct extrapolation to obtain the other prin¬ 
cipal index at 90° to the first. The greater the extrapolation the less 
accurate will be the final determination but, fortunately, it is usually 
possible to rotate through a considerable angle. To facilitate this 
detail of the procedure a graphical solution of this calculation is 
offered in Plate II. This diagram*^ holds for any direction of rotation 
within a plane of symmetry of a biaxial crystal. All angular measure¬ 
ments are made from principal positions. 

Even though the double variation method of index determination 
is used, it is not always possible to bring about sufficient variation to 
reach the second principal index after the first has been determined. 
For such crystals of rather strong birefringence if the second index, on 
rotation on a horizontal axis perpendicular to the plane of vibration 
of the polarizer, approaches the first, which it must do half the time, 
then by the following procedure both the second and third indices may 
sometimes be determined. Rotate sufficiently to bring the second 
index within range of the liquid and determine it. Then continue to 
rotate in the same direction as far as possible toward the third critical 
position and make another determination. Using the diagram 
(Plate II) after correcting for indices (Plate I), locate two points 
on the proper degree of rotation lines such that the vertical (or hori¬ 
zontal) intercept of the points indicates the proper index difference 
obtained from the two readings. Also both points must fall on the 

* In constructing this graph I have consulted with R. W. Babcock of the Department 
of Mathematics and have received considerable help from him on the proof of it. 
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same inclined line. This inclined line gives at its extremities the total 
difference in index between the second and third prindpal rays. On 
the ordinate and abscissa can be read the difference in index between 
the principal indices and those determined. Therefore, the principal 
indices can be determined by simple addition and subtraction. If the 
crystal is one of strong birefringence, then this procedure fails. 

Attention should also be called to the fact that if the critical posi¬ 
tions in which the principal rays are transmitted are not accurately 
secured, the error in index is very small indeed, as may be read from 
the diagram. However, if the positions in which partial birefringence 
is read, especially near 45°, are not accurately determined then the 
error is considerable. 

Summary of procedure.—The substance under study in powder 
form is cursorily examincti on an ordinary glass slide to locate roughly 
its position on the refractive index .scale. This information is used to 
select the proper “ double variation ” liquid for detailed study. A 
^’ery few grains are then mounted between two cover glasses in the 
chosen liquid and are placed on the universal stage with the same 
liquid contacts, using the special water cell. One grain is centered 
and the upper hemisphere clamped in place. Using the direct illu¬ 
mination of an arc lamp, orient the grain so that X, V or Z is parallel 
to the axis of the microscope. Then determine the indices of one or 
both of the rays transmitted, using temperature and wave-length 
variation. Rotate in a plane of symmetry to the third critical posi¬ 
tion if possible and determine the third index. Or, if this is impossible, 
then rotate as far as possible toward this position and determine 
the index. By using Plate II, extrapolate to obtain the correct index. 
The first index determined by the double variation method usually 
gives the dispersion curve for the substance. For the other indices 
any one point of the dispersion curve, that is, a determination at any 
one wave length, is often sufficient, since for many substances the dis¬ 
persion for the various rays is almost equal. 

By the method outlined here all three indices of refraction of any 
one grain of a biaxial substance of moderate or weak birefringence may 
be determined with both accuracy and comparative speed. The 
limiting factor lies in the index range of the immersion medium at the 
maximum suitable variation of temperature and wave length. 

Discussion of Corrections and Calculations. —The rotations of the 
universal stage are complicated to follow in making necessary correc¬ 
tions for directions of light transmission. They are considerably sim- 
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plified, however, if traced out on a stereographic projection such as 
the Wulff net or on the more convenient net shown in Plate III, 
This plate is a stereographic projection on which are marked recti¬ 
linear coordinates and three sets of rotations about the center in 
ten-degree interx^als. When the horizontal axes of the universal stage 
read o° then the perpendicular to the inner stage is located at the 
center of the projection. If, now, to find A", I" or Z, the inner E~W 
axis is rotated 30° S, then the new position of the perpendicular is 
found by tracing downward on the central vertical line to the inter¬ 
section of this line with the 30° great arc. Assume that the stage is 
rotated (as the next step to find A", V or Z) on the N~S axis 30 W., 
then the movement of the perpendicular may be traced westward 
parallel to one of the horizontal straight lines to the intersection with 
the 30° N-S great arc.^ This makes A", Y or Z parallel to the axis of 
the microscope. To find the angular distance of the perpendicular to 
the inner stage from the axis A", T or Z measure on the concentric 10° 
circles radially from the center interpolating for the final figure. It is 
slightly over 41°. 

Typically, the optic axis is located next. Suppose, for instance, 
that a rotation of 40° N on the outer E-W axis makes an optic axis 
parallel to the axis of the microscope. (This is a normal rotation for 
the purpose.) Measure 40° N parallel to a straight vertical line 
counting on the E-W great arcs. This point is 29° from the center. 
The optic angle, 2V, is then twice 40°, if the hemisphere and crystal 
agree in refractive index; but they never do. A correction is neces¬ 
sary to learn the true direction of the path of the light within the 
crystal; it is based on the relationship between the index of the 
hemisphere and the index of the crystal, and the angle made by the 
perpendicular to the inner stage with the axis of the microscope. It is 
expressed as a modification of this angle. In order to correct the 
reading of the angle V, therefore, two angles must be corrected, 41° 
and 29®, and the angle V is then read between the corrected points on 
the diagram (Plate III). If the index of the hemisphere is 1.516 and 
the index of the crystal is 1.600, the readings 41® and 29° correct to 
39° and 27.5® by the method shown in Fig. 177 as applied to Plate I. 
A correction is diagrammatically represented in Fig. 178. The cor¬ 
rected points 39® and 27.5° are plotted on the radials through the 
original points 41® and 29®. The angular distance between these 

^ These readings on the horizontal axes are taken directly from the instrument after 
X, Y, or Z is oriented. They are found on the Wright arcs. 
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corrected points is now measured, counting on the E-W great 
arcs. This distance is the true angle V.® In actual practice the 
indices of the crystal are learned first and the correct indices Jor 
the specijic directions of transmission are used, unless the crystal 
is one of weak birefringence, in which case an average index is 
satisfactory. 

A calculation, the aim of which is to determine one index by extra¬ 
polation from another may be carried out with the aid of Plate II. 
If a uniaxial crystal is oriented with the optic axis parallel to the axis 
of the microscope, and it is not possible to rotate far enough to make 
the optic axis perpendicular to the axis of the microscope (which is the 
position needed to obtain N*), then rotate as far as convenient, correct 
the observed angle of rotation on Plates I and III (see last paragraph) 




Fig. 177. —Method of correction of obseivcd Fig. 178. — Explanation of 

angles by means of Plate I. corrections o f observed 

angles by means of Plate I. 


and measure the two refractive indices in this position. One is 
No and the other is N'c To find N® use Plate II. Locate the index 
difference (between No and N'c) on the ordinate or abscissa according 
to whether N^ is less than or greater than No. Follow horizontally 
(or vertically) to the inclined line which indicates the number of 
degrees of rotation (corrected), then on the other coordinate is the 
figure to subtract (or add) to N'c to give Ne. 

If the crystal is biaxial, then, on a bisectrix or optic normal grain, 
measure two indices. Here, as with uniaxial crystals, it is usually 

The line joining the corrected points is seldom parallel to one of the ordinates, but is 
slightly inclined. This introduces an error in measuring the angle between them, but this 
error is regarded as negligible unless one set of hemispheres is used for the entire index 
range. 
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not possible to rotate a full 90° to the third critical position. The 
same Plate (II) facilitates the extrapolation. Rotate as far as con¬ 
venient toward the third critical index, and measure the new index. 
Care must be taken in making this rotation to note which ray is being 
transmitted and to rotate on a horizontal axis that is perpendicular 
to the plane of vibration of the lower nicol. The index difference and 
the corrected rotation are then used on Plate II as was done for uni¬ 
axial crystals and the correct third index is obtained. 

From the three refractive indices thus determined, the optic angle 
may be calculated from Wright's diagram (Plate IV). Maximum 
birefringence is found on the abscissa and — Nm or — Np is 
found on the ordinate. At the intersection of these, the inclined lines 
indicate V or its complement. 

Rotation corrections are best traced out in the order in which they 
are made. An example will serve the purpose (see Fig. 179 and the 
copy of the data sheet for the same figure given on page 141). At the 
top of the data sheet are recorded the rotation readings for critical 
positions of the crystal. The first two readings place the ciystal in 
such a way that X, Y or Z is parallel to the axis of the microscope. 
The third and fourth readings place the two optic axes in a position 
parallel to the axis of the microscope. These rotations must be fol¬ 
lowed out first on Plate III, which traces the movements of the per¬ 
pendicular to the inner stage on the various rotations. It happens 
that in this example the first two rotations are small; usually they are 
larger than this. First, follow a straight line north 0.5° from the center 
on Plate III. Then, from this point follow a straight line west 5.2°, 
counting on the great arcs which run from north to south. Now count 
the angular distance from the center along a radial line, counting the 
degrees on the concentric circles. This value, 5.2°, is more than either 
of the rotations used to make it up, but it is essentially the same as one 
when the other is approximately 0°. It is the observed or apparent 
angle between the original direction of the light path through the 
crystal and the present direction; that is, it is the apparent angle 
between the perpendicular to the inner stage and one of the principal 
directions. It must be corrected for the difference in index between 
the crystal for this direction and that of the hemisphere (Fig. 178). 
The index of the crystal for white light (about 550 my) (ray No. i) is 
approximately 1.542. Turn to Plate I. Find the reading 5.2° on the 
circumference, trace radially to the index of the mineral 1.542, follow 
a vertical line to 1.649 (the index of the hemispere) and follow thence 
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a radial to the circumference. This gives the corrected value as 5.6°. 
Spot this point on Plate III. 
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The optic axis, or, if possible, both optic axes are to be located next. 
From the uncorrected position of the principal direction, already 
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located, follow a vertical line north 54.3° (see data sheet) counting the 
degrees on the great arcs extending from the west to east poles. 
Measure the angular distance radially as before. It must be greater 
than 54.3°, but in this case only slightly greater, about (54.4°). Cor¬ 
rect it on Plate I, using the value of the index for the mean ray 
in white light (1.548), which gives a corrected value of 59.7“. Spot 
this point on Plate III. Similarly, measure south 53.5° and correct 
this on Plate I (58.7°) and spot it on Plate III. The distance between 
the two corrected points spotted on Plate III, as measured in a straight 
line counting on the east-west great arcs, is 2V. Or, if the second 
optic axis could not be found, as is commonly the case for wide angles, 
then the distance to the position of X,Y or Z is V. In this example, 
2V is 118.5° about the obtuse bisectrix, and 2V about the acute bisec¬ 
trix is 61.5° for white light. 

Rotation readings for ray No. 3 may be corrected next. As an 
example choose the first rotation reading, on the data sheet. The 
corrected index for the new position at 45° N from ray i is 1.5449. 
This figure, 45°, corrected on Plates III and I, as above, becomes 48.6°. 
The difference in index between this value, 1.5449, and the value 
(1.5402) on the curve for ray No. i at the same wave length (576 m/i) 
is .0047. That is, the rotation of 45° (or crystallographically 48.6°) 
from ray i has caused an increase in the index of .0047, and this is 
approximately one half the increase necessary to reach the true value 
for ray No. 3. On Plate II find this value (.0047) on the abscissa. 
(If this were an index decrease then this value should be found on the 
ordinate.) Follow a vertical line to its intersection with the inclined 
line for 48.6°. Then on the ordinate is the additive correction -t- .0038, 
which is the remaining difference in index for the balance of the rota¬ 
tion from 48.6° to 90°. This value added to 1.5449 gives a point on 
ray 3 (Nj), 1.5487. So also for other points. Or, as an alternative pro¬ 
cedure, if all rotation readings are made at the same angle of rotation 
(45°) then draw the dispersion curve through these points and use 
index values for the Fraunhofer lines as is done in the example 
(Fig. 179). ^ 

It remains to calculate the optic angle from the indices, as a check. 
Find Nj — N, and N„ — N™ (or N*. — Np) for the wave lengths 
desired. On Plate IV, trace these values to their intersection and 
follow the inclined line to the right-hand side. This gives the value 
for V (or its complement). 

The optic sign may be read from the dispersion curves. If the 
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DIRECTIONS FOR LABORATORY WORK 

Microscope requirements for the universal stage.—Modern petrographic 
microscopes are made to receive the universal stage. They have two threaded 
holes on the stage to receive thumb-screw clamps of the universal stage, they have 
a removable ring in the center of the stage which permits the rotation of the largest 
circle on the universal stage, they have a clamp which locks the stage in any posi- 
(ion of rotation, and they have long racks which permit raising the tube of the 
microscope sufficiently to introduce the universal stage between the objective and 
the microscope stage. In addition it is very desirable that they should have a 
diaphragm below the polarizer, and some use diaphragms in the ocular and objec- 
tive, but these additional features are essential only for critically accurate work. 
Quite satisfactory practice work and, for that matter, a great deal of routine work 
can be done without the extra diaphragms commonly recommended. 

Adjustments for the universal stage.—Remove the circular disk from the micro¬ 
scope stage, thereby enlarging the opening of the stage. Raise the tube of the 
microscope up high and place the universal stage on the microscope stage in such a 
way that the thumb screw holes of the two coincide. Then insert and adjust the 
thumb screws so that the universal stage is held loosely. Place the central glass 
disk or the water cell in position (according to whether a thin section or powder is 
to be studied). Insert a carefully centered low power (36 mm. or No. 1) objective*’’ 
and focus on the glass surface. Rotate the inner or outer ring of the universal 
stage (both rotate on a vertical axis) and note the center of rotation through the 
microscope. Move the whole universal stage on the stage of the microscope until 
the center of rotation coincides moderately well with the cross hairs. Then tighten 
the thumb screws, thereby holding the stage firmly in this position. The holes 
for the thumb screws are made slightly large to permit this adjustment. Now the 
stage is properl}^ centered. It is well, however, to check this by rotating success¬ 
ively on the inner stage vertical axis, the outer stage vertical axis and on the 
microscope stage. Some degree of tolerance should be permitted in the construc¬ 
tion of the instrument. 

Now rotate the whole stage, if necessary, to place the drum on the right-hand 
side, and clamp the microscope stage. It remains to make this position accurate— 
that is, to find the zero position of the microscope stage. Since the thumb screw 
holes allow a certain amount of play, this position should be checked each time the 
stage is fastened in place. Berek recommends the following simple and ingenious 
method. Fasten an upper hemisphere in place. Focus upon the upper surface 
of this hemisphere and note a dust particle near the N-S cross hair. Using either 
E-W horizontal axis of the universal stage rotate back and forth. By unclamping 
and rotating the microscope stage as much as necessary this dust particle can be 
made to remain an equal distance from the N~S cross hair on the rocking rotation. 
Then once more clamp the microscope stage and make a notation of the vernier 
reading so as to be able to return to it, if necessary. If the microscope includes a 
modification which permits the simultaneous rotation of the nicols, then, before 
this last step is taken, the rotating nicols must be placed in one of the cardinal posi¬ 
tions—^preferably with the nicol bar at the left side of the microscope. 

® Bausch & Lomb now provide a small upper hemisphere permitting the use of a 
i6-mm. objective with the universal stage. 
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Illumination conditions.—For practice and for considerable routine work the 
operator may use ordinary conditions of microscope illumination—either north sky 
light or a microscope lamp. For accurate work precautions must be taken to 
secure parallel light. They are—use a powerful source of light, a focused arc 
lamp is preferred (caution—be very careful to keep the nicols crossed, when using 
an arc; otherwise the eye may be harmed); use the plane mirror; close the dia¬ 
phragms above and below the polarizer; to exclude other crystals from the field 
close the ocular diaphragm; if the operator is bothered by light entering the field 
by reflections from the surface of the upper hemisphere, then close the diaphragm 
in the objective. 

Making a mount.— Fhin sections are very simply mounted. Insert the glass 
disk and place a droj) of oil (such as cedar oil) on it. Rest the thin section on this, 
thereby securing an oil contact. Add a drop of oil to the top of the thin section 
and place the upper hemisphere over this. Before fastening the upper hemi¬ 
sphere, turn the thin section with its long dimension across the holder of the upper 
hemisphere,—in this position manipulation of the thin section is easier. Now 
examine the thin section and center the crystal of interest; clamp the upper 
hemisphere in place. Add a drop of oil to the upper surface of the lower hemi¬ 
sphere and fasten it in place. The hemispheres should have an index as close as 
possible to that of the cr\'stal being studied. 

A powder mount on a slide in immersion oil is made in the same way, except 
that the contact liquid above the central glass disk is the same as the immersion 
liquid. 

If the water ceil is used for the double variation procedure, then the mount is 
made as follows. Place the water cell in the position of the central glass disk. 
On this, place a drop of the immersion liquid to be used and put a cover glass 
over this. The surface of the water cell is thus protected. Add a drop of the 
immersion oil on top of this cover glass, and place a few grains of the substance in 
this oil. Cover this with another cover glass with another drop of liquid over it. 
Now place the upper hemisphere in position and loosely adjust it. A satisfactory 
way to handle the powder in making the transfer to the oil is desirable, since too 
much or too little is always inconvenient. One good method is to keep a biological 
needle handy. Dip this in the drop of oil and touch the moist end to the number 
of grains wanted. Once more dip the needle in the drop of liquid which receives 
the grains and dry the needle carefully to avoid contamination with another liquid 
later. 

It remains to center a grain. Examine the microscope field and select a suit¬ 
able grain. Tilt the stage and, if necessary, move the hemisphere slightly with the 
thumb screw clamps so that the selected grain may be made to fall to the center. 
By tightening the hemisphere the grain can be held securely in place. Too much 
pressure is to be avoided as it strains the grain (and destroys extinction) or crushes 
the grain. 

There is another satisfactory procedure, favored by students, which should only 
be used with caution. Instead of selecting small grains exclusively, select one or two 
grains of slightly larger size (i mm.). Roughly center a grain and tighten the 
upper hemisphere. A surprisingly small pressure serves to shatter the grain and it 
has been learned empirically that the resulting sizing is more uniform than would 
be expected. On lilting the stage the small material will move, but quite a fair 
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proportion will remain fixed. Without further centering select a grain to study. 
Cells are rarely damaged by this procedure, but, since it does place a strain on 
the cell, caution must be used. 

Students almost invariably have difficulty in selecting a suitable grain at first— 
one that gives a satisfactory Becke line and does not move on tilting the stage. 
After a little practice the difficulty as invariably disappears. The grains which 
give the best Becke lines are those which have neither too sharp nor too blunt 
edges. In this too the student soon becomes proficient. At the end of one or two 
weeks students seldom need further instruction. 

Orienting a uniaidal crystal—Having selected a grain, tilt the stage at a few 
extreme angles to be assured that the grain is fixed. If the water cell is used, turn 
on the water circulation to eliminate air within the ceU. Then turn the grain to 
extinction, using the inner stage vertical axis. (It is assumed, of course, that the 
outer stage vertical axis is at a cardinal position and that the horizontal axes 
read zero.) Using the main E-W axis, tilt the stage ^0^-40^ both ways, and 
repeat on the N-S axis. If, on either rotation, the crystal remains at extinction, 
then it is probably' uniaxial. Rotate 90°, if necessary, on the inner vertical axis 
to make the crystal depart from extinction on a rotation of the N-S axis, and, on 
this axis, rotate a given number of degrees, say 30°. The crystal is not now at 
extinction. On the inner E-W axis rotate either way to bring extinction.^ (There 
are tw'o extinction positions 90° apart crystallographically. One leads to a hori¬ 
zontal position of the optic axis, the other to a vertical position.) Then reverse 
the 30® rotation to bring the N-S axis to its zero reading. The optic axis is ver¬ 
tical or horizontal. To check this, turn the nicols (or the stage) to the 45° posi¬ 
tion. If the optic axis is vertical the ciy'^stal will remain at extinction. If the 
optic axis is horizontal it is possible to measure both No and Ne at 90° positions 
with respect to the polarizer. If it is vertical, then it is possible only to measure No. 
A more favorable position should therefore be sought by rotating on any of the 
horizontal axes either 90® or as much as conveniently possible. In this new posi¬ 
tion measure both indices (90® apart). If the rotation from the vertical optic axis 
position was 90® then the indices are N© and Ne. If it was less than 90® then one 
is No and one is an intermediate index. This can be extrapolated to give Ne by 
means of Plates I and II as brought out in the text on page 139. Or if, accord¬ 
ing to the double variation procedure, Ne or N© cannot be reached in one of the 
critical positions then rotate to bring the index within the range of the liquid and 
extrapolate by using Plates I and II. 

Orienting an optic symmetry plane of a biaxial crystal. —^After turning the 
crystal to an extinction position, as before, on the inner stage vertical axis with the 
other axes set at their zero positions, tilt the stage several degrees on the inner E-W 
and N-S axes and note on which the crystal departs more from extinction. Turn 
90® if necessary, on the inner vertical axis to cause the crystal to depart less 
from extinction on a rotation on the N-S axis. Now with the N-S axis at o® 

^ This imparts to the inner stage an attitude inclined to the planes of both nicoh. It 
will be noticed that in this position the entire field becomes gray due apparently to polari¬ 
zation at the water-glass surfaces. If the crystal remains at extinction it should blend 
with the field and not become darker than the field. 
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tilt the stage on the inner E-W axis a few degrees ® (such as io°) and return the 
crystal to extinction on the inner vertical axis (now inclined). Try the extinction 
on a rotation on the N~S axis. If it is improved, then make a further rotation on 
the inner E~W axis exactly as before and adjust the inner vertical axis to bring 
extinction. Repeat as often as necessary to bring the crystal to a uniform extinc¬ 
tion when rotated both ways on the N-S axis. If, however, the direction of rota¬ 
tion chosen on the inner E-W axis caused the crystal to depart more from extinction 
al io° than at o°, then follow the same procedure by rotating in the opposite direc¬ 
tion. This must be done carefully to get good final results. When a rotation on 
the N-S axis does not disturb extinction, then the first optic symmetry plane is 
vertical and extends E-W. Clamp the inner stage with the screw provided for 
the purpose and make a notation of the reading for reference. Clamp the inner 
E~W axis and make a notation of that reading. 

Finding one of the principal directions, X, F or Z in the first optic symmetry 
plane (thus finding a second optic symmetry plane).—On the outer E-W axis 
rotate a few degrees (30^-40°) cither way (usually one direction is somewhat lim¬ 
ited by the previous rotations, therefore choose the other). This almost always 
causes the crystal to depart once more from extinction. Now on the N-S axis 
rotate either way from the zero position until extinction is secured. Sometimes 
extinction can be secured both ways, go® apart crystallographically; these are 
two principal directions. At one of these positions clamp the N-S axis, make a 
notation of the reading and return the outer E-W axis to its zero position. One 
principal direction X, F, or Z is now vertical and the second optic symmetry plane 
is also vertical and extends N-S. In this position two critical rays are available 
giving two critical indices, N^ and Np, or N^ and N^, or Nm and Np. 

Finding the third optic symmetry plane.—If, in finding the second optic sym¬ 
metry plane, the trial rotation on the N-S axis yielded two extinction positions, 
one on each side of the zero position, then find the one not previously chosen and 
return the outer E-W axis to its zero position. I'hen the third optic symmetry 
plane is vertical and extends N- S. If, however, this alternative extinction on the 
N-S axis rotation could not be found, which is true when one is near the zero posi¬ 
tion on the N-S axis, then the third symmetry plane is not available without adjust¬ 
ing the upp>er hemisphere to move the grain and repeating the entire process. It is 
not necessary to secure the third symmetry plane in order to determine the three 
refractive indices as will be shown below\ 

Finding the optic axial plane and measuring the optic angle.—From the posi¬ 
tion in which a principal direction A", F or Z, is vertical proceed as follows. Turn 
the nicols to the 45® position (or unclamp the microscope stage and turn the uni¬ 
versal stage to the 45° position); then the crystal is no longer at extinction. Now 
rotate on the outer E-W axis searching for an extinction position. If none is 
foimd return this axis to its zero reading and make a similar search on the N-S 
axis. Any extinction position found on these rotations is an optic axis. If neither 
search yields an extinction position then the optic plane is horizontal, in which case 
it may or may not be possible (see the last paragraph)to find theopticangledirectly. 
If an optic axis is found then make a notation of the reading and try to find the 

® If the ciystal did not depart widely from extinction on the preliminary trial rotation 
on the N-S axis then 10° may be too much. 
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other optic axis by reversing the direction of rotation-—it is commonly not possible 
to rotate far enough in both directions. The angle between the principal direc¬ 
tion and the optic axis is the imcorrected value for V (or its complement). The 
corrections are given above. If the optic plane was found to be E-W then for 
accuracy it is well to turn 90® on the outer stage vertical axis and measure V (un¬ 
corrected) on the vernier scale of the outer E-W axis. To avoid confusion, how¬ 
ever, the notation of the rotation required should be recorded not as north or south, 
but as east or west. 

If the optic plane is horizontal and cannot be made vertical then the ingenious 
method of Berck ® may be employed to find 2V. It is as follows: On the outer 

2V - 



Fig. 180 .—Determination of optic angle from the extinction angle, a. (After Berek.) 

vertical axis rotate 45®. On the outer E-W axis rotate 54.7*^ crystallographically 
(i.e., corrected on Plates I and III) in that direction which first makes the perpen¬ 
dicular to the inner stage more vertical. Next rotate the nicols in the same direc¬ 
tion as the 45® rotation (or rotate the stage of the microscope in the opposite 
direction) imtil extinction is seaned. The value of this last rotation is the ordinate 
of a graph constructed by Berek. 2V is the abscissa. The graph is reproduced 
here (Fig. 180), but attention is specifically directed to the fact that an error of 
J®in the final angle means a large error in 2V (2^-7®). If the angles are calculated 

»Neues Jahrb, Bl. Bd, XLVIII, 1923, p. 35. 
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this degree of error can be reduced, but on the graphs the size of those reproduced 
here an error of can creep in unless great care is exercised. 

Measuring the refractive indices.—For this purpose the double variation 
method is best adapted. (See Chapter III.) Following the procedure there out¬ 
lined make suitable changes in temperature and wave length to construct the 
curves .sought (Fig. 123 and Fig. 179). On account of the construction of the 
universal stage the transmitted light, even with the diaphragms open, is com¬ 
paratively parallel. Therefore the Becke line method functions particularly 
well. In fact it will be noticed that the sharpness of a determination is greater 
with a low-power objective under these conditions than with a 4 mm. (or No. 5) 
under standard conditions. 

There is a routine which the student will do well to follow in determining indices 
which economizes greatly on his time. It depends on the fact that temperature 
changes require about five minutes for accuracy whereas wave length changes can 
be made very rapidly. Three or four temperature changes ordinarily give suffi¬ 
cient information for all three indices of a given substance in accurate routine 
work. The recommended procedure is as follows: Number the rays i, 2, 3 to 
avoid possible confusion. Let No. i be that which is transmitted with the nicol 
bar at the left (or the universal stage drum at the right). No. 2 is the ray which 
is transmitted with the nicol bar at the front of the microscope (or the drum at the 
front or back). No. 3 is any reading cither directly on the third ray or a rotation 
reading toward it. For example, set the nicol bar at the left after making a mount 
and turn on the water at some temperature near that of the room. After a suit¬ 
able lapse of time determine the wave length at which the Becke line disappears. 
Record the ray number (No. i), the temperature, the wave length, and the refrac- 
tometer reading. Turn the nicol bar 90° to the front position and make another 
determination and complete record. Novr rotate on the outer E-W axis or the 
N-S axis a convenient amount toward ray No. 3. The amount depends, for some 
crystals, upon the difference in index. If the difference is great a smaller rotation 
will be made; otherwise the range of the liquid will not be great enough. For 
common substances turn as much as conveniently possible. The axis used depends 
on the position of the inner stage. One axis will permit a greater rotation than 
the other. Choose the axis first; then, if necessary, turn the nicols 90° to make the 
plane of the polarizer normal to this axis. Determine the correct wave length 
as before and make the necessary record, but add to the record the number of 
degrees rotated and the direction and the ray from which the rotation was made 
(No. I or No. 2). Now change the temperature up or down 5® to 10° according 
to the wave length already determined. To raise the temperature will impart 
to the liquid a lower index and it will be necessary therefore to use a shorter wave 
length of light, and vice versa. The amount of change will depend on the curves 
for the liquid given in Fig. 122. While the temperature is coming to equilibrium 
the corrections may be made as shown on the sample data sheet, see page 141. 
This will consume all of the time required to establish equilibrium. If the cor¬ 
rected points are plotted on the dispersion sheet as the work proceeds a better 
perspective may be gained and the needs for temperature change can be estimated 
more accurately. When completed, the dispersion sheet shows three curves; two 
are those of critical indices and the third is that of some intermediate index. 
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If the rotation readings were not all at the same number of degrees, then the ray 
No. 3 points will not form a consistent curve. It remains to correct the points for 
ray No. 3, thereby securing the third critical curve. After plotting, the numbers 
may be changed to the proper symbols N^, N^, and Np. 

With ordinary care, points should have an accuracy of rb.0004. In careful 
work this degree of accuracy can be improved. In constructing the curves the 
error is automatically reduced by averaging. 

For the beginning student especially, it is extremely important to follow precisely 
the routine procedure just described. 
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DESCRIPTIONS OF 
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OR ARTIFICIAL MINERALS 

I. ELEMENTS 

Phosphorus (P) is isometric; crystals dodecahedral. G. = 1.84, 
F. = 44° C. Burns readily. Isotropic with N = 2.093 C, 2.117 D. 
2.158 F. Colorless or yellow. Prepared by reduction of phosphate 
with carbon. 

Selenium (Se) has at least three crystal phases; one is monoclinic 
with a :b : c — 1.635 : i : 1.610, = 75° 58'; crystals thin basal 

plates or nearly equant with 001 and iii prominent. G. = 4.47. 
Color orange red. Another phase is monoclinic with a : b : c == 1.592 
: I : 1.T35, = 86° 56'; crystals short prismatic or thin tabular 

parallel with 100 or 001. Color dark red. A third phase is trigonal 
with c = 1.15 (?). Crystals hexagonal prismatic with rhombohedral 
end faces. G. == 4.79. F. = 220° C. Uniaxial positive with No = 
3.0 (68o)^ 3.00 Na ,2 No =4.04, No — No = 0.17 (680 — Merwin ^ 1.04 
(Skinner ^). Luster bright metallic. Selenium is recovered from flue 
deposits in the manufacture of H 2 SO 4 . Isotropic mixtures of fused 
Se and S are useful immersion media. Indices are given in the follow¬ 
ing table: 


% Se. 100 90 80 70 60 50 40 30 20 10 o 

% S. o 10 20 30 40 50 60 70 80 90 100 

N(Li). 2.716 2.53 2.40 2.30 2.22 2.16 2.II 2.07 2.03 2.00 1.978 

N(Na).... 2.92 2.67 2.49 2.37 2.27 2.20 2,15 2.10 2.06 2.025 1.998 

N(T 1 ). 2.43 2.32 2.25 2.19 2.13 2.09 2.05 2.018 


Sulphur (S) has five or six different crystal phases. The ordinary 
low temperature phase is orthorhombic with a :b : c — 0.813 • i ■ i-903- 

‘H. E. Merwin: 7 w/. Cril. Tab, VII, 1931, p. 19. 

*C. H. Skinner: Phys. Rev. IX, 1917, p. 148. 

® H. E. Merwin and E. S. Larsen; Am. Jour. Sct.y 184, 1912, p. 42. 
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Crystals pyramidal or varied (see Figs. 181-183) with imperfect 001, 
no and in cleavages. H. = 2. G. = 2.07. Melts at 108® C. after 
inversion at 98° C. Insoluble in acids; soluble in CS2. The optic 




plane is 010; Z = c. (+)2V = 68° 58'Na, 68° 46'Tl. Nb = 2.2203 C, 
2.2454 D, 2.3172 F,N„ = 2.019 + C, 2.0377 D, 2.087 F, Np := 1.942 C, 
1.957 1-999 F, N, — Np = 0.2884 D. Color yellow. Crystallized 



Fig. 184.—Wave-fronts in axial planes in 
sulphur, differences of velocity being 
exaggerated. 


00/ 



Fig. 185.—Diagram of the optic orienta¬ 
tion of sulphur. 


easily by sublimation as from solution. The natural substance is 
abundant about some volcanoes and also found in some salt and 
gypsum deposits. 

Monoclinic sulphur is stable above 98° C. and metastable at lower 
temperatures. In this phase a : i : c = 0.996 : i : 0.9998, jS » 84° 14'. 
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H. = 1.5. G. = 1.95. F. = 115° C. The optic plane is 010; 
X A = 44°. (-)2V = 58° ± (Na). N = 1.96 (calc.), N, ~ = 

weak. Color honey yellow. Easily crystallized from fusion or from 
solution. 

Other crystal phases are known, but not measured optically. 

II. SULPHIDES, ETC. 

Sulphides, selenides, tellurides, arsenides, antimonides, and 
sulphosalts are included in this division, as well as carbides. 

1. CARBIDES 

SiC is trigonal with c = 1.226. Crystals thin basal plates with rare 
twinning on loTi and poor basal cleavage. H. = 9.5. G. = 3.2. 
Infusible, but dissociates at about 3400° C. Insoluble even in HF. 
Uniaxial positive with extremely high refringence, strong birefringence 
and very strong dispersion, as follows: ‘ 


^ == 755 

671 (Li) 

SSgCNa) 

sssCi'i) 

486(F) 

Dispersion, 
F-C (486-656) 

Nr ~ 2.654 

2 <'73 

2.697 

2.721 

2-749 

0.072 

No = 2.616 

2 •<'33 

2.654 

2.67s 

8 

Cl 

0.064 

Nr — No == 0.038 

0.040 

0.043 

0.046 

0.049 

0.008 


Colorless when perfectly pure, but usually colored green, blue, 
red, black by small amounts of iron, alumina, carbon, etc., present as 
impurities. Bluish crystals are pleochroic with X > Z. Further, 
surface films of silica, commonly present, produce iridescent colors. 
Luster brilliant adamantine. 

Found by Moissan in the Canyon Diablo meteorite and hence 
known as moissaniie. It is an important artificial product of the elec¬ 
tric furnace. Readily recognized by extreme hardness, extreme 
refringence and extreme dispersion. 

AI4C3 is hexagonaP*^ in six-sided basal plates with perfect 0001 
cleavage. Uniaxial positive with No = 2.7 (700 m/x), Ne == 2.75 ± 
(700 m/i), Nc — No = 0.05di. Color yellow. 

CaC2 is orthorhombic ^ (?) and pseudocubic with complex multiple 

^H. E. Merwin: Jour. Wash. Acad. Sci.f VII, 1917, p. 445. 

^ Compound prepared by G. W. Morey; properties determined by H. E. Merwin— 
personal communication, Mar. 25,1931. 

*C. H. Warren: Am. Jour. Sci.j CCII, 1921, p. 120. Calcium cyanimide (CaN-CN) 
is rhombohedral with perfect rhombohedral cleavage at 74® and poor basal parting; 
twinning rare. Uniaxial positive with No ~ 1.60, N« > 1.95, Ne — No = above 0.35. 
Colorless. Often present in commercial “carbide.” 
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twinning on the dodecahedral face; perfect ooi, oio, and loo cleavages 
and no parting. Combines with water freely to form acetylene and 
calcium hydroxide. Apparently uniaxial (positive) to (+) 2V = 30° 
with p < v: the optic plane is parallel with the twinning lines; 
extinction parallel with the cleavages. N more than 1.75, N, — = 

0.050. Color purplish red, yellow, greenish; slightly pleochroic in 
thicker sections; nearly colorless in very thin flakes. The yellow 
carbide probably contains other material in crystal solution; it has 
extinction at about 10° to 24° to the cleavages and is considered 
triclinic and pseudocubic. Commonly used as a source of acetylene. 


2. SULPHIDES 

MgS is isometric ^ with perfect 100 cleavage and NaCl space 
lattice. G. = 2.843 N = 2.254 C, 2.271 Na, 2.285 Tl. Colorless. 
Made in the electric oven. 

CaS is isometric ® with perfect 100 cleavage and NaCl space lattice. 
2.71 and N = 2.120 C, 2.137 Na, 2.161 (520 mp.). Colorless. The 
natural substance, called oldhamile, is found in meteorites. Made 
by reduction of CaS04 in an electric oven. 

SrS is isometric ^ with perfect 100 cleavage and NaCl space lattice. 
G. = 3.913 and N = 2.087 C, 2.107 Na, 2.122 (540). Colorless. Made 
by reduction of SrS04 in an electric oven. 

BaS is isometric ® with perfect 100 cleavage and NaCl space 
lattice. G. = 4.377 and N = 2.140 C, 2.155 Na, 2.183 Tl. Colorless. 
Made by reduction of BaS04 in an electric oven. 

MgSe is isometric ^ with G. = 4.268 and N > 2.42 Na (2.44, calc.). 
CaSe is isometric ® with NaCl space lattice and G. = 3.806 and 
N = 2.245 C, 2.274 Na, 2.292 (555). 

SrSe is isometric ® with NaCl space lattice and G. = 4.544 and 
N = 2.190 C, 2.220 Na, 2.252 (540). 

BaSe is isometric '■* with NaCl space lattice and G. = 4.937 and 
N = 2.230 (675), 2.268 Na, 2.289 (560) 

CaTe is isometric ® with G. = 4.873 and N > 2.51 Na. (2.605 calc.). 
SrTe is isometric® with G. « 5.218 and N = 2.367 C, 2.408Na, 
2.460 Tl. 

*K. Spangenberg: Naiurwiss.^ XV, 1927, p. 266; M. Haase: Zi. Kr. LXV, 1927, p. 
509; LXVI, 1928, p. 236. 
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BaTe is isometric^ with G. = 7-593 and N == 2.370 C, 2.440 Na, 
2.520 Tl. 

ZnS has two crystal phases ^ as well as an apparently amorphous 
condition. The low temperature phase of ZnS is isometric with per¬ 
fect dodecahedral cleavage, the atoms being arranged as shown in 
Fig. 186. Crystals often tetrahedral, as in Fig. 187. H. = 3.5-4. 
G. =4.09. Sublimes in nitrogen at 1178° C. Soluble in HCl. 
Isotropic with N = 2.34 Li, 2.368 Na, 2.398 Tl. Also may be slightly 
anistropic probably on account of strain since anistropic areas are 
easily produced by pressure. With 28 per cent FeS, N = 2.395 Li, 
2.47 Na. Color straw yellow when pure, grading to brown and black 
with increase of FeS. Gray in vertical reflected light. Made by pre¬ 
cipitation from alkaline solutions. It is the stable phase below 1020° C., 
the inversion temperature being lowered to 880° C. by 28 per cent FcS. 




Fig. 186.—Space lattice of isometric ZnS. Fio. 187.—Tetrahedral habit of isometric 

ZnS. 

The natural substance, called sphaleriic. is common in metalliferous 
veins, etc. 

The high temperature phase (a-ZnS) is hexagonal with c = 0.8175; 
crystals hemimorphic, short prismatic or pyramidal, with good pris¬ 
matic cleavage. H. = 3.5-4. G. = 4.087. Sublimes in nitrogen at 

1185“ C. Soluble in HCl. Uniaxial positive with N<, = 2.330 

Li, 2.356 Na, Ne = 2.350 Li, 2.378 Na, N<, — No = 0.022 Na. 
With 28 per cent FeS the indices are about No = 2.46, N* = 

2.48. Commonly fibrous to lamellar parallel to 0001 with nega¬ 

tive elongation. Apparently isotropic when mounted in balsam or 
methylene iodide, but distinctly birefringent when mounted in a red 
mixture of sulphur and selenium. Color straw yellow; darker when 
FeS is present and then weakly pleochroic in yellow with X > Z. 
Gray in vertical reflected light. Formed artificially only above 200® 

♦Allen, Crenshaw, and Merwin; Am. Jour. Sci.^ CLXXXIV, 1912, p. 341. 
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C. and from acid solutions. It is the stable phase above 1020° C., 
but may exist as a metastable phase at ordinary temperature. The 
natural substance, called wurtzite, is rare. 

Freshly precipitated ZnS is apparently amorphous and very finely 
granular with the consistence of a stiff jelly. In such a condition 
the grains are isotropic with N = 2.18 — 2.25, or distinctly bire- 
fringent (due to strain?) with X parallel to the surface and N = 
2.18 — 2.24. 

ZnTe is isometric with G. = 5.54 and N = 3.56 D. Color red. 
Formed from fusion. 

CdS is hexagonal,^ hemimorphic, with c = 0.8109. Crystals 
basal tablets or short prismatic with distinct prismatic cleavage. 
Twinning on loTi and on 2023, producing forms suggesting mono¬ 
clinic s)Tnmetry. H. ==3. G. == 4.82. Sublimes in nitrogen at 
980° C. Soluble in HCl. Uniaxial positive with No = 2.431 Li, 
2.506 Na, 2.61 (523), N« = 2.456 Li, 2.529 Na, N,, — No = 0.023 Na. 
For X = 523 the substance is isotropic (and nearly opaque) and at the 
blue end of the spectrum it is uniaxial and negative with N > 2.6 and 
No — No = 0.016 at X = 516. Sometimes distinctly biaxial. Impure 
CdS may have indices as low as No = 2.42, N. = 2.44. Color yellow 
to orange. Made by vaporizing cadmium in hydrogen sulphide. 
The natural substance, called greencckite, is usually associated spar¬ 
ingly with zinc ores. 

HgS has three crystal phases.^ The only stable phase is hexag¬ 
onal with c = 1.145. Crystals prismatic or tabular with perfect 
prismatic cleavage. H. = 2-2.5. G. = 8.176. Sublimes at 580° C. 
in the absence of oxygen. Decomposed by aqua regia. Readily 
soluble in concentrated solutions of sodium or potassium sulphide. 
Uniaxial positive with No = 2.81 Li, No = 3.14, N, — No = 0.33. 
Color bright red or scarlet. Made by sublimation of the amorphous 
black HgS. The natural substance, called cinnabary is found diiefly 
in veins and as a product of solfataric action. 

A metastable phase of HgS is isometric, black and opaque, with 
G. = 7.60. It is formed only from acid solutions and changes to 
cinnabar under favorable conditions. The natural substance, called 
melacinnabarite, is quite rare. 

Another metastable phase of HgS is hexagonal and prismatic with 
G = 7.2. Uniaxial positive with No = 2.58 Li, N, = 2.82, N, — No 
= 0.24. Color bright red like cinnabar. Inverts to cinnabar rather 

Crit. Tables, 1 ,1926, p. 119. 
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easily. Made by precipitation of a solution of sodium mercuric chloride 
with sodium thiosulphate. Unknown in nature. 

N4S4 is monoclinic with a :b : c = 0.888 : i : 0.848, /3 = 89° 37'. 
Crystals pseudocubic with lamellar twinning on loi. G. = 2.2. 
The optic plane is 010; ZAc = large. ( + ) 2V = large, = ?, 
Nm = 2.046, Np = i.9o 8±, Np — Np = extreme. Color orange red; 
yellow in powder. Purified by sublimation in a vacuum. 

3 . SULPHOSALTS 

AgAsS2 has two (or three?) crystal phases. The low temperature 
phase is trigonal with c = 0.653. Crystals small prismatic with 
rhombohedral and basal cleavages. H. = 1.5-2. Uniaxial negative 
with No = 2.6 Li, No = ?, No — No = extreme. Color and streak 
scarlet with X = nearly colorless and Z = pale red. Not yet pro¬ 
duced artificially; the natural substance, called trcchmannUe, is very 
rare. It inverts on moderate heating to a biaxial phase which is per¬ 
haps the same as the natural substance called smithitc; the latter is 
monoclinic with a : b : c — 2.221 : i : 1.957, ^ - 7 ^° 4 ^'- Crystals 
six-sided tablets with perfect 100 cleavage. H. = 1.5-2. G. = 4.88. 
Optic plane is 010; Z A c = -1- 4° Li, 6.5° Na. ( —) 2V = 65° Na? 
(N = 3.27?). Color and streak scarlet vermilion, altering to orange- 
red. The inversion product from trechmannite is biaxial with ( —) 
2V = 26° ±, p> V strong, Np = 2.60 Li, N™ = 2.58, Np = 2.48, 
Np — Np = 0.12. 

The following salt is a sulpharsenate rather than a sulphosalt, 
proper, but may be included here for convenience. 

Na3AsS4-81120 is monoclinic with a : b : c = 0.668 : i : 0.528, 
/3 = 76° 38'. Crystals short prismatic. Optic plane is 010; XA c 
= + 81° ii'. ( —) 2V = 87® 44'. Nm = 1.6802, Np — Np = weak. 
Very weakly pleochroic. 

III. HALIDES AND CYANIDES 

The halides are arranged as simple halides, ammoniated halides 
and oxyhalides, and simple halides are classified in the order of increas¬ 
ing valence of the metallic element and in the order of decreasing 
symmetry. Cyanides are included with the corresponding halides. 


• G. F. H. Smith: Mineral Mag., XVI, 1911, p. 97. 
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1. ANHYDROUS HALIDES AND CYANIDES OF MONOVALENT BASES 

HALITE GROUP 


NaCl is isometric with face-centered cubic arrangement of each 
kind of its atoms as shown in Fig. i88. Crystals cubic with very 
perfect loo cleavage. H. = 2.5. G. = 2.17. F. == easy. Soluble in 
H2O. Isotropic with N = 1.5407 C, 1.5443 D, 1.5534 F, F — C = 
0.0127. Colorless or tinted by impurities. Crystallizes readily from 
H2O solution. The natural substance, called halite, is a common salt- 
lake deposit. 

KCl is isometric with the NaCl space lattice. Crystals cubic with 
perfect cubic cleavage. H. = 2. G. = 1.99. F. = easy with violet 
flame. Soluble in H2O. Isotropic with N = 1.4872 C, 1.4904 D, 
1.4984 F, F — C = 0.0112. Colorless or tinted by impurities. Crys¬ 
tallizes readily from H2O solution. The 





Fig. 188.—Space lattice of 
NaCl. 


natural substance, called syhite, is found in 
salt-lake deposits. 

NaCl and KCl do not intercrystallize in all 
proportions,^ but form a series of double salts, 
which are stable at the temperature of forma¬ 
tion, but unstable at ordinary temperature, 
breaking down into simple halides. The break¬ 
down is sub-microscopic, and causes the 
measured index of the (microscopically uniform) 


double salt to be the additive index of intimate 


mixtures of NaCl and KCl in the given proportions. C. B. Slawson ^ 
has shown that these facts may be used to determine quantitatively 
the tenor of Na and K in any mixture of these chlorides as obtained, 
for example, from a standard rock analysis. The double salts all 
have perfect cubic cleavage and the following indices: 


Salt 

N(D) 

NaCl (100%) 

I 544 

yNaClKCl 

1-536 

SNaClKCl 

1-533 

3NaClKCl 

1.528 

2NaCl-KCl 

1-523 

3NaCl*2KCl 

1-519 


Salt 

N(D) 

4NaCl-3KCl 

I 518 

NaCl KCl 

1 514 

2NaCl-3KCl 

1-5085 

2NaCl-5KCl 

I-503 

2NaCl-7KCl 

1.500 

KCl {100%) 

1.490 


NaF is isometric with the NaCl space lattice. Crystals cubic with 
perfect 100 cleavage. H. = 5.5. G. = 2.81. Soluble in hot H2O. 

^ Am. Mineral, XIV, 1929, p. 293. There is probably also the double salt pNaCl* KCl 
which would have N = 1.538^:. 
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Isotropic with N = 1.3246 C, 1.3258 D, 1.3285 F, F — C = 0.0039. 
May have weak negative birefringence at room temperature with red 
to violet color and X = golden yellow, Z = carmine red. The natural 
substance, called villiaumite, is very rare. 

The following salts ^ also have the NaCl space lattice with cubic 
habit and cleavage: 


Salt 

LiF 

LiCl 

LiBr 

G. 

2 (>4 
2.07 

3-4^> 

4 oO 

N(C) 

N(D) 

I 391s 

1.662 

1.784 

I 955 

N(F) 

F-C 

NaBr 

Nal 

kf^*^ 

3.20 

3.66 

2.40 

i-^>355 

j.6412 

1 • 774.S 

1 352 

ib555 

0.0200 

KBr 

-’■75 

J 5547 

> 5594 

1.5716 

0.0169 

K1 

3.13 

I .6589 

1.6670 

1.6876 

0.0287 

RbK-‘ 

3-74 

i-304 

1.396 

1 399 

0.005 

RbCl 

2.«I 

I•4Q03 

1 493b 

T 5016 

0.0113 

RbBr 

3-35 

i 5483 

i- 552 cS 

I .5646 

0.0183 

Rbl 

3 . 5 <^ 

1 6397 

1.6474 

I . 6672 

0.0275 

NH4I 

NaCN 

2.50 

I.6938 

1.7031 

T 452 

1 7269 

0.0331 


KCN is isometric in cubes or octahedrons with G. = 1.52 and ‘ 
N = 1.410 ± 0.003 Na. 

NaK(CN)2 is isometric and isotropic with N = i .465 ±. Color¬ 
less. 

AgCl is isometric of octahedral or rarely cubic habit without cleav¬ 
age. It has the NaCl space lattice. H. = 1-2. G. = 5.5. Soluble 
in NH4OH. Sectile. Fuses at 452° C. After fusion and recrystalli¬ 
zation N = 2.071 D. Color pearl gray, greenish gray or white, becom¬ 
ing violet in sunlight. Apparently miscible in all proportions with 
AgBr. Natural AgCl is called chlorargyriie, natural AgBr, bromyrite 
or bromargyrile, intermediate types, embolite, and a variant with iodine 
{Ag(Cl, Br, I)} is known as iodembolite, while the whole group is called 
cerargyrite. 

AgBr is isometric of octahedral habit without cleavage. It has the 
NaCl space lattice. H. = i~2. G. = 6.2. Soluble in NH4OH. Sec- 

* K, Spangenberg: Zeit. Kryst, LVII, 1923, p. 494. 

* Space lattice may be like CsCl. 

^ Measured by H. E. Merwin—^personal communication, Mar. 25,1931. Spangenberg 
gives N « 1.361 D and Wulff (Zeit, Kryst. LXXVII, 1931, p. 84) gives N « 1.3629 D 
for KF. 

^ Measured by V. A. Vigfusson at the University of Wisconsin. 
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tile. Fuses at 422"^ C. Isotropic with N = 2.252 (589), 2.256 (578), 
2.263 (546), 2.363 (436). Color yellow or amber, slightly greenish, with 
little change in sunlight. Miscible in all proportions with Agl, with 
which it forms an isodimorphous series, Agl being hexagonal. The 
isometric phases are stable from pure AgBr to about 60 per cent and 
metastable to nearly go per cent Agl. With 67 mol. per cent AgBr 
and 33 per cent Agl, N = 2.299 (589), 2.303 (578), 2.320 (54b). With 
33 mol. per cent AgBr and 67 per cent Agl, N = 2.36 ± (589), 2.40 ± 
(546). Natural AgBr is called bromyriie or hromargyritc^ while natural 
Ag(Br, I) it is known as iodohromiic. 

The two following compounds are hydrides rather than halides, 
but may be included here for convenience 
since they have the NaCl sjxice lattice. 

NaH is isometric of fibrous habit. N == 
1.470. Colorless. 

KH is isometric of fibrous habit. N = 
1.455. Colorless. 

CsCl has two crystal phases;^ the room 

temperature phase has the simple cubic ar- 

_ „ o 1 • r rangement of each kind of its atoms as shown 

Fig. 189.— Space lattice of . °. , . . , , . 

CsCl. in rig. 189. Crystals cubic without cubic 

cleavage G. = 3.97. Isotropic with N = 
1.6377 C, 1.6418 D, 1.6523 F, F C = 0.0146. The high temperature 

phase has the NaCl space latt Crystals cubic with perfect 100 
cleavage. G. = 3.56. Isotropic with N = 1.531 C, 1.534 D, 1.543 F, 
F — C = 0.012. 

CsF has two crystal phases; " the room temperature phase has the 
NaCl space lattice. Crystals cubic with perfect cubic cleavage. 
G. = 5.34. Isotropic with N = 1.575 C, 1.578 D, 1-583 F, F - C = 
0.008. The lower temperature phase has the CsCl space lattice. 
G. = 4.52. Isotropic with N = 1.476 C, 1.478 ± 0.005^“ D, 1.482 F, 
F — C = 0.006. Ciystals from another source have N = 1.484 ± 
0.002 D. 

CsBr has two crystal phases;^ the room temperature phase has 
the CsCl space lattice. G. = 4.45. Isotropic with N = 1.6924 C, 
1.6984 D, 1.7126 F, F — C = 0.0202. The high temperature phase 
has the NaCl space lattice. Crystals cubic with perfect cubic cleavage. 

® T. Barth: Am. Jour, Sci,, XIX, 1930, p. 135. 

^ZeU. phys. Chem. B, VI, 1930, p, 251. 

7 P. Wulff: Zeit. Bektrochem. XXXIV, 1928, p. 611. For CsCl, xN = X -6397 D. 

H. E. Merwin: Jour. Wash. Acad. Sci.., XII, 1922, p. 250. 
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G. = 3.75. Isotropic with N = 1.577 C, 1.582 D, 1.594 F, F — C ~ 
0.017. 

Csl has two crystal phases; the room temperature phase has the 
CsCl space lattice, (i. = 4.52. Isotropic with N = 1.7784 C, 1.7876!), 
1.8115 F, F — C = 0.0329. The high temperature phase has the 
NaCl space lattice. Crystals cubic with perfect 100 cleavage. G. = 
3.82. Isotropic with N == 1.653 C, 1.661 I), t.68i F, F — C = 0.018. 

TlCl is isometric with the C.sCl space lattice. Fuses at 426° C. 
and recrystallizes on cooling. Isotropic with N = 2.223 (650), 2.247 
(589), 2.400 (436). Colorless. 

TlBr is isometric with the CsCl space lattice. Fuses at 450° C. 
Isotropic with N = 2.384 (650), 2.418 (589), 2.452 (546), 2.652 (436). 
Colorless in thin sheets. 

Til is isometricwith the CsCl space lattice above 175° C.; at 
lower temperature this phase is metastable and inverts to an ortho¬ 
rhombic phase slowly. Fuses at 435° C. The isometric phase has 
N = 2.72 zb (650), 2.78 zb (589), 2.85 dz (546). 

TlBr and TII arc miscible in all proportions in the isometric phase. 
With more than 70 per cent Til the crystals are metastable at ordinary 
temperature, but with as much as 80 per cent Til the crystals often 
remain isometric for days. Iodine-rich crystals are opaque for violet 
and blue rays, but nearly as transparent as glass for yellow and even 
for green. Mixtures of TlBr and Til are recommended for immersion 
media for high index of refraction determinations.^ 

Data on indices follow: 


TlBr 

Til 

650 

589 

578 

546 

100 

0 

2,384 

2.418 

2.424 

2.452 

89 

II 




2.482 

80 

20 


2.468 


2.5II 

70 

30 

2-455 



2-541 

60 

40 




2 578 

50 

50 

2.518 


2 5f>7 

2.616 

40 

60 



2.615 

2.660 

33 

67 




2.683 

25 

75 

2.610 

2.662 

2.673 

2.722 

0 

100 

2.72d= 

2.78d= 


2.8s± 


CuCl is isometric with the ZnS space lattice. Crystals tetrahedral 
with 110 cleavage. G. = 4.14. Isotropic with ^ N = 1.955 C, 1.973 
1.996 T! The natural substance, called naniokite, is rare. 

* T. Barth: Am. Mineral.j XIV, 1929, p. 358. 

• M. Haase: Zeit. Kryst.^ LXVIII, 1928, p. 82. Larsen (U. S. Geol. Surv. Bull. 679, 
p. 114) gives N =* 1.930 for artificial colorless CuCl. 
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CuBr is isometric with the ZnS space lattice. Crystals tetrahedral 
with no cleavage. G. = 5.17. Isotropic with ” N = 2.092 C, 2.116 D, 
2.160 Tl. 

Cul is isometric with ZnS space lattice. Crystals tetrahedral with 
perfect no cleavage. G. = 5.69. Isotropic with® N = 2.313 C, 
2.345 D, 2.385 Tl. The natural substance, called marshite, may show 
abnormal weak birefringence. Crystals are yellow. 

NH4CI has two crystal phases; the low-temperature phase has the 
CsCl space lattice for N and Cl. Crystals tetrahedral with twinning 
on in and poor in cleavage. H. = 1.5-2. G. = 1.53. Isotropic 
with N = 1.6380 C, 1.6426 D, 1.6529 F, F — C = 0.0149 (Grailich); 
N = 1.639 0.001 D (Merwin ®“). Colorless. Reversible inversion 

at 156° C. to the NaCl space lattice with G. = 1.27. Soluble in H2O. 
The natural substance known as salammonile or sal ammoniac, is 
found about volcanoes and in lake deposits. NH4CI can apparently 
intercrystallize with chlorides of iron, nickel, cobalt, manganese, 
copper, cadmium and probably zinc. Neuhaus has shown that in 
such cases the second component is present in submicroscopic crystals 
regularly arranged and no isomorphous series exists. 

NEUBr has two crystal phases; the low temperature phase (below 
109° C.) has the CsCl space lattice for N and Br. Crystals tetrahedral 
with G. = 2.44. Isotropic with *N = 1.7075 C, 1.7108 D, 1.7163 F. 
White or colorless. 

NH4F is hexagonal in plates and prisms. Uniaxial positive 
with No = decidedly less than 1.328, N, — No = o.ooi. Colorless. 

KAg(CN)2 is trigonal with c = 2.07; no good cleavage. Uniaxial 
positive with No = 1.625, N« = 1.63, N* — No = 0.005. 

AgCW crystallizes in prisms which are probably imiaxial; optic 
sign positive. N, = 1.685 = 1.94, N, — No = 0.255 

K3Cu(CN) 4 is trigonal in rhombohedral forms. Uniaxial negative 
with N = 1.5185 Li, 1.5215 Na, 1.5285 blue. No — N, = very weak. 

Agl is hexagonal with c = 0.82. Crystals prismatic hemimorphic 
with perfect 0001 cleavage and flexible laminae. Soft, sectile. G. = 
5.6. Fuses at 527° C., giving iodine fumes and a silver globule. Solu¬ 
ble in NH4OH. Uniaxial positive with*® No = 2.185 C, 2.218D, 

^ Am. Jour. Sci., CCIV, 19*2, p. 470. 

Ckem. Erie, V, 1930, p. 529. 

Properties determined by H. E. Merwin—personal communication, Mar. 25, X931. 

” Indices measured by Bolland (Sitz. Akad. Wiss. Wien., CXDC, 1910, p. 275) on 
“potassium silver cyanide” of unknown formula. 

“H. E. Merwin: IrU. Crit. Tab., VII, 1930, p. 21. 



HALIDES AND CYANIDES 


165 


2.328 F, Ne = 2.229 Ne — No = o.oii. May be slightly biaxial. 
Abnormal green interferenc*^ colors. Color yellow to yellowish green. 
Inverts to the isometric phase at 146® C. Miscible with 10 mol. per 
cent or more of AgBr, retaining hexagonal symmetry. 

NH4HF2 is orthorhombic with a : b : c — 0.971 : i : 0.863. Crys¬ 
tals pseudo-tetragonal and sometimes cubic in aspect; also basal tab¬ 
lets or long prismatic. G. = 1.5. Twinning of basal plates common 
in areas related to the external faces. The optic plane is 100; X — c. 
(—)2V = 0° (Vigfusson i'*), 40° ± (Merwin dispersion weak. 

= 1.394 ± 0.003, N„ = 1.390 ± 0.003. Np = 1.385 ± 0.003, N, - Np 
= 0.009 =t o-oo6 (Vigfusson N* = 1.387 ±, Nm = 1.385 ±, Np 
= 1.368 ± Np — Np 20.019 (Merwin 

. HYDROUS HALIDES AND CYANIDES OF MONOVALENT BASES 

KF-2H20 is pseudohexagonal and probably monoclinic. Optic 
orientation unknown.” (+)2V = very large, Np = 1.363 ±, Nm = 
1.352, Np = 1.345 ±, Np - Np = 0.018 ±. Colorless. 


3. .A.VHYDROUS HALIDES AND CYANIDES OF DIVALENT B.ASES 

CaFa is isometric with its atoms arranged as shown in Fig. 190. 
Crystals commonly cubic (sec Fig. 191) or octahedral with perfect in 




1 

P” 





•f. O'' 




Fig. iQo.—Space lattice of 
CaFi. 



Fig. 191. —crystal 

habit of CaF2. 



Fig. 192. —Penetration 
spinel twin in CaFa. 


cleavage and common twinning on ni (see Fig. 192). H. = 4. 
G. = 3.18. Fusible with red flame color. Soluble in H2SO4 with 
evolution of HF. Isotropic with*® N = 1.434; also weakly bire- 
fringent in some cases. Color often bright; yellow, blue, purple, 
green, red, brown; color not uniformly distributed and due to stain. 

V, A. Vigfusson: personal communication, Sept. 30 and Nov. 29, 1930. 
ii»W. Wetzel: Cent. Min., 1921, p. 444. 
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Made in several ways by reaction between HF and substances con¬ 
taining calcium. The natural substance, called fluorite, has remark¬ 
ably constant properties due to absence of isomorphous (or other) 
variations in composition; ithas'®N = 1.4325 C, 1.43385 D, 1.4370 F, 
F — C = 0.0045; it is a rare constituent of igneous rocks and found in 
some veins. 

CdFs is isometric with the CaF2 space lattice and N = 1.56. 
Miscible in all proportions with CaF2 with rectilinear variations of the 
refractive index. 

SrF2 is isometric with the CaF2 space lattice and G. = 4.24; 
N = 1.438. Also N = 1.442 ± 0.001 D. Miscible in all propor¬ 
tions with CaF2. 

BaF2 is isometric'^ with G. = 4.89 and N = 1.475. Also 
N = I. 474 X D. 

SrCk is isometric with G. = 3.08, F. = 872° C. and N = 1.6499 D. 

Sr2Cl2F2 is tetragonal with good 001 cleavage and G. = 4.62. 
F. = 962° C. Uniaxial negative with Nu = 1.651, N. = 1.627, No — 
N« = 0.024. 


Ba2Cl2F2 is tetragonal with good 001 cleavage and G. = 5.93. 

F. = 1008° C. Uniaxial negative with No = 1.640, 
Ne = 1.633, No — No = 0.007. 

Hg2Cl2 is tetragonal with c = 1.723. Crystals, 
pyramids or basal plates (see Fig. 193) with distinct 
100 cleavage. H. = 1-2. G. = 6.48. Volatile. 
Soluble in aqua regia. Uniaxial positive with 
No = 1-9556 Li, 1.9733 Na, 1.9909 Tl, N,, = 2.6006 
Li, 2.6559 Na, 2.7129 Tl, No — No = 0.6826 Na. 
Pig. 193.—a crystal Color white or yellowish. The natural substance, 
habit of llgaClj called calomel, occurs rarely in the oxide zone of 
some ore deposits. 

Hgl2 has two crystal phases; one phase is orthorhombic with 
a : b : c — 0.649 ^ i • ? Crystals prismatic with 001; G. = 6.22. 
Color yellow. Forms isomorphous mixtures with HgBr2 which have 



1 

r 

• 

1 


1 


1 


• 

1 





“H. E. Merwin: Am. Jour. Sci., CLXXXII, 1911, p. 429. 

‘•“V. M. Goldschmidt: Skr. Norsk. Vid. Akad., 1926, 1 , p. 84. 

"F. Thilo: Zeit. Krysl., LXV, 1927, p. 720; P. Wulff: Zeil. Elektrochem., XXXIV, 
1928, p. 611. 

Zeit, KrysL, LXXVII, 1Q31, p. gg. 

** E. Rumpf: ZeiL phys. Chem,, VII, 1930, p. 148. 

H. Winter: Inaug. Dis$, Leipzig, 1913. Tables Ann, Const, Phys,^ IV, 1922, p. 1063, 

1067 . 
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perfect ooi cleavage; the optic plane is ooi and b is the acute bisecting. 
Color yellow with weak pleochroism and Z > X = Y. 

The second crystal phase of Hgl2 is tetragonal with c = 2.008; 
crystals 001 tablets or pyramidal; twinning on 102. Perfect 001 
cleavage. G. = 6.30. Uniaxial negative with N,> = 2.600 C, 
2.711 (600), 2.748 D, N„ = 2.375 C, 2.438 (600), 2.455 B, N,, - N. = 
0.093 D. Also biaxial with 2E reaching 30® and the optic plane parallel 
to HI in OOI. Color red with X = orange red, Z = blood red. 

ZnCl2 is uniaxial" and positive with No = 1.687, No = 1.713, 
No — No = 0.026. Colorless. 

Hg(CN)2 is tetragonal with c = 0.459; crystals short prismatic 
terminated by a sphenoid or rarely by a base. G. = 4.00. Imperfect 
100 cleavage. Uniaxial negative with N„ = 1.645, No = 1.492, 
No — N0O.X53. 

FeCU is hexagonal in basal plates. Uniaxial negative with 
No = 1.567, No — No == rather weak (Larsen).^' Color green to 
brown or yellow. Made by sublimation. Unstable. The natural 
substance, called lawrencite, is found rarely about volcanoes. 

MgCb is hexagonal in basal plates. Uniaxial negative with 
No = 1.675, No = 1.59, No — No = 0.085. Colorless. Made by 
ignition of MgCb • 6H2O. Very deliquescent. The natural substance, 
called chloromagnesile, is found as a rarity about volcanoes. 

CaCb is probably orthorhombic and pseudotetragonal. G. = 
2.2. Very deliquescent. It has very perfect prismatic cleavage and 
lamellar twinning on no and iTo like that of microcline. (+) 2V = 
moderate, Nj = 1.613, Nm = 1.605, Np = i.6oo, N„ — Np = 0.013. 
The substance may react with index liquids containing turpentine, 
etc., to an isotropic substance with N = 1.52; it does not react with 
a-monobromnaphthalene nor with paraffin oil; natural CaCb, called 
hydrophilite is found about volcanoes. 

BaCb is biaxial with’"“N„ = 1.74196, Nm = 1.73611, Np = 1.73024, 
Nj — Np = 0.0117. Therefore (+) 2V = 90° very nearly. 

HgCb is orthorhombic with a ; ft ; c = 0.725 : i : 1.070. Crystals 
brachydomatic, short prismatic (with no, 010, and 001) or thin basal 
tablets, with perfect on and poor 001 cleavages. G. = 6.22. The 
optic plane is 100; X = c. (—) 2V = 85® (calc.), N,"'^ = 1.965, 
*®E. M. Chamot and C. W. Mason: Chem. Microscopy ^ I, ig^o, p. 

** Index too low as compared with MgCP; perhaps hydrated ?—A. N. W. 

** C. B, Slawson: Am, Mineral ,, XIV, 1929, p. 160. But WullI ( Zeit . Kryst ., LXXVll, 
1931, p. 84) gives = 1.542 =b .002, Nm = ?, Np = 1.531 .002, Nj, — Np « 0.017 

for CaCL. 
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Nm = 1.850 C, 1.859 D, 1.882 F, N, = 1.725, N, - Np = 0.24. 
Formed from solution in alcohol or from sublimation. 

PbCla is orthorhombic with a : b : c = 0.595 • ^ crystals 

010 or 001 tablets or columnar parallel to a, with perfect 001 cleavage. 
G. = 5.84. F. = I. Soluble in hot water. The optic plane is 010; 
Z = c. (+) 2V = 66° 12' Na, Nb = 2.260 Na, Nm = 2.192 Li, 
2.217 Na, N,, = 2.179 Li, 2.199 Na, N, — N, = 0.061 Na. Colorless, 
greenish or yellowish in mass. Made from solution. The natural 
substance, called cotunnite, is found rarely about volcanoes. 

4. HYDROUS HALIDES AND CYANIDES OF DIVALENT BASES 

MgPt(CN)4 • 7H2O is tetragonal with c = 0.61, and perfect 001 
cleavage. Uniaxial positive with No = x.5546 B, 1.5585 C, 1.5608 
D, 1.57 E, No = 1.905 C, 1.91 D, N, — No = 0.35 D. Color carmine 
red with X more, and Z less, bluish. Surface color on 100 metallic 
greenish. Strongly pleochroic phosphorescence. 

CaCb'bHaO is trigonal with c = 0.505. Crystals prismatic with 
perfect basal and prismatic cleavages. G. = 1.68. Very deliques¬ 
cent. Uniaxial negative with No = 1.417 Na, N. = 1.393, No — No 
= 0.024. Colorless. Formed from H2O solution in a vacuum. 

SrCl2 -61120 is trigonal with c = 0.515. Crystals prismatic with 
perfect basal cleavage. G. = 1.96. Uniaxial negative with N„ = 
1.5327 Li, 1.5364 Na, No = 1.4836 Li, 1.4866 Na, No — N* = 0.0498 
Na. Alsous" No = 1.5356, N, = 1.4857, No — N, = 0.0499 
Colorless. 

CaMg2Clo - Z2H2O is trigonal with c = 1.76. Perfect loTi 
cleavage. H. = 2. G. = 1.67. Deliquescent. Uniaxial negative 
with No = 1.520, No = 1.512, No — No = 0.008. Color pale yellow. 
Made from solution. The natural substance, called tachyhydrite, is 
found at Stassfurt, etc. 

CoF2-sHF -61120 is trigonal with c = 1.04. Crystals flattened 
prisms with prismatic cleavage. G. = 2.04. Uniaxial positive with 
No = 1.382 C, 1.384 D, 1.390 G', No = 1.397 C, 1.399 D, 1.406 + G', 
No — No = 0.015 Color orange red, 

NiFfl-sHF-61120 is trigonal 2® with c = 2.01. Crystals flat- 

P. Gaubert: Btdl. Soc, Tr, Min., XL, 1917, p. 177. 

Wulff: ZeU. KrysL, LXXVII, 1931, p. 100. 

H. Jung: Cent. Min., 1926, A, p. 273. 

^ Jowr. Am. Chem. Soc., XLII, 1920, p. 2432. H. E. Merwin: Ini. Crit. Tab,, VII, 
1930, p. 22. 
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tened prisms with prismatic cleavage. Uniaxial positive with No = 
1.390 C, 1.392 D, 1.39s F. No = 1.406 C, 1.408 D, 1.410F, No — No = 
0.016. Color blue-green. 

CuCl2-21120 is orthorhombic with <1 : 6 : c = 0.918 : 1 : 0.463. 
Crystals prismatic with nearly rectangular cruciform twinning on 
021, and perfect 001 and no cleavages. G. = 2.47. The optic 
plane is 001; Z = a. (-F) 2V = 8o°4o', p < v. N^ = 1.742, N^ = 
1.684, Np = 1.644, Nj — Np = 0.098. Color emerald green with 
weak pleochroism. Formed from acid solution. 

Cd2MgClo 12H2O is orthorhombic with a : b : c = 0.913 : 1 : 
0.304. Crystals prismatic (with 010, no, 210, 100 and in faces) 
with probable 100 and 010 cleavages. Deliquescent. The optic 
plane is 100; Z = c. (-f) 2V = very large, p < v, weak. N, = 
1.5728 red, 1.5769 Na, Nm = 1.5268 red, 1.5331 Na, Np = 1.49 ±, 
Np — Np = 0.08 4:. 

CaPt(CN)4-51120 is orthorhombic with a :b :c = 0.899 • ^ • 0-349- 
Crystals prismatic (120, 100 and 010) with perfect 100 cleavage. The 
optic plane is 010; X = c. For 656 mp (-f-) 2E = 106° 42', 2V = 58° 
3', Np = 1.714, Nm = 1-633, Np = 1.617, Np — Np = 0.097. For 588 
mp (-+■) 2E = 84° 17', 2V = 48° 10', Np = 1.767, Nm = 1.644, 
Np = 1.623, Np — Np = 0.144. For 502 mp (-1-) 2E = 58° 13', 
2V = 34° n', N, = 1.949, Nm = 1.655, Np = 1.633, Np - Np = 
0.316. For 486 mp (-f) 2V = 30° 23', Np = 2.030 ±, Nm = 1.658, 
Np = 1.636, Np — Np = 0.394. Color green without distinct pleo¬ 
chroism; fluorescent. 

MgPt(CN)4-C3H803-5H20 is monoclinic with a :b : c — 0.965 : 
I : 0.492, /3 = 85° 56'. Crystals short prismatic, vertically striated 
with distinct 001 cleavage. The optic plane is normal to 010 for Li, 
and parallel to oio for Na and T1 light. X A c — 24° for A, 30° 
for D (Na), 36° for E and 68° for G light. (—) 2E = 17° 25' Li, 
28° 8' Na, 55° 40' Tl, 2V = 17° 39' Na, 34° 18' Tl, 60° (blue); Nm = 
1.584 Na, 1.589 Tl, Np — Np = ? Formed by evaporation of a 
glycerine solution of magnesium platinum cyanide. 

SrPt(CN)4-5H20 is monoclinic with a :b :c = 0.685 • ^ • 0-466, 
/3 = 85° ii'. It has distinct 001 cleavage; lamellar twinning on 100, 
giving pseudorhombic appearance. The optic plane is 010; X A c = 
+ 18° Li, -t- 19.5“ Na, -t- 27° Tl, -I- 41° (blue). (-) 2E = 
3S“ ±, 2V = 20° ±, N'p = 1.6264 C, 1.6331 He yellow, 1.6489 He 

** Measured by A. E. Merwin—^personal communkation, Mar. 25,1931. 

” Zeit. Kryst., XLIX, 1911, p. 118. 
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green, N'p = 1.5638 C, 1.5800 He yellow, 1.6152 He green, N', — N'p 
= 0.0626 C. Colorless, with blue fluorescence. 

BaPt(CN)4-4H20 is monoclinic with a :b :c = 0.868 : i : 0.479, 
/3 = 76° 18'. Crystal prismatic or 010 tablets. 0 = 3.05. The optic 

plane is 010; 7 . A c — — 1° 20'. (+) 2E = 35° 13' red, 31° 16' Na, 

27° 16' green, p > v; 2V = 18° Na. N„= 1.8074 Li, 1.8982 Na, 

2.2540 green, Nm = 1-677 Na (calc.), Np = 1.6645 1-6706 Na, 

1.6834 green, Np — Np = 0.2276 Na. Color yellow with Z darkest. 
Surface color on no blue or violet; fluorescence on on emerald 


green. 

CdCl2-2.5H20 is monoclinic with a : h : c = i.ijy : i : 1,112, 
= 84° 12'. Crystals varied with distinct 001 cleavage. The optic 
plane is 010; Z A c — +1° 40'. (+) 2V = 56° 42' red, 56° 27' Na, 

p> V weak. Nm = 1.6428 red, 1.6513 Na, N, — 



Fig. 194.—A crystal 
habit of BaBr2 • 
2H2O. (After 


Np = ? Colorless. Formed from H2O solution. 
Another phase is also monoclinic. 

BaCL • 2H2O is monoclinic with a : b :c = 
0.618 : I : 0.655, ^ — 88° 55'. Crystals octagonal 
tablets parallel to 010, twinned on 001 or loo. No 
good cleavage. G. = 3.09. The optic plane is 010; 
Z A c = 8°;. (+) 2V = 84° 50' red, 83° 46' Na, 
Np = 1.660 Na, Nm = 1.641 red, 1.646 Na, Np = 
1.635, Np — Np = 0.025. Also*"" Np = 1.6583, 
Nm = 1.6419, Np = 1.6291, Np — Np = 0.0292. 


Mugge). Colorless. Formed from a weak HCl solution. 


BaBr2-2H20 is monoclinic with a : b : c == 
1.45 : I : 1.16, /3 = 66° 30'. Crystals short prismatic (see Fig. 194) or 
001 tablets or columnar by elongation of the form iiT. Twinning on 
100 or 001. Poor 100, loT or 001 cleavages. G. = 3.69. The optic 
plane is 010; Z A c = 4- 89° 35' Na. (+) 2V = 83° 30' Li, 83° 
49' Na, 84° S' Tl. Np = 1.7382 C, 1.7441 D, i.7S88 F, Nm = 1.7205 
C, 1.7266 D, 1.7418 F, Np = 1.7067 C, 1.7129 D, 1.7282 F, Np — 
Np = 0.0312 D. Colorless. Formed from H2O solution; crystals 
easily deformed. 

SrCl2-2H20 is probably monoclinic with^®“ G. = 2.67 and 
Np = 1.6172 ± .0001. Nm = 1.5948 ± .0004, Np = 1.5942 ± .0002, 
Np — Np = 0.0230. Therefore (+) 2V = small. 

MnCl2'4H20 (a-phase) is monodinic with a : 6 : c >= 1.141 : i : 
1.641, - 69° 14'. Crystals 001 tablets modified by the 111 pyramid; 


H. Baumhauer: Zeit. Kryst.y XLIV, 1908, p. 38, 
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also prismatic with negative elongation. Twiiming common on 
recrystallization. (+) 2V = 78° dh .3° (calc.) with p < v moderate. 
N, = 1.607 ± N„ = 1.575, Np = 1.555, N„ - Np = 0.052. 

Obtained by crystallization from a saturated solution at o°-6° C. 

NiCl2-6H20 is monoclinic with a : b : c = 1.468 : i : 0.943, ^ = 
57° 30'. Crystals 100 tablets with 110 and 001 or no twins, with 
perfect 001 cleavage. The optic plane is 010; X A c = + 8° ±. 
(+) 2V = very large. Np = i.6i,=«* N„ = ?, Np = 1.535, N„ - Np 
= 0.075. 

CuF 2 • 5HF • 6H2O is monoclinic with three cleavages. G. = 2.41. 
Loses water easily. Extinction parallel to one cleavage and much 
inclined to another. Negative elongation. ( —) 2V = 32°, N„ = 
1.444 N,„ = 1.440, Np = 1.395, Np — Np = 0.049. Color (greenish) 
blue with X < Y = Z. 

C0CI2-21120 is probably triclinic;-^* crystals lath-shaped and 
nearly rectangular, elongated parallel to a and lamellar parallel to 
001, usually limited by 001, 010 and 100; distinct 010 and 001 cleav¬ 
ages. G. = 2.42. Crystals plastic. lixtinction on laths always 
inclined at an acute angle. Biaxial and negative with No distinctly 
greater than 1.67, Nm slightly less than 1.671 and Np slightly less 
than 1.625. Color deep bluish violet with X = blue, Y = pale 
carmine, Z = distinct carmine in plates 10-50 p in thickness. Formed 
from C0CI2 • 6H2O by drying in a desiccator at 50° C. Hydrates easily. 

Ca2Fe(CN)(, 12H2O is triclinic with a : b : c = 1.054 : 1 : 0.841, 
a = 97 ° 9', = 89° 57 ', y = 107° 24'. Crystals complex with perfect 

100 cleavage. The optic plane is nearly normal to 001; an optic axis 
nearly normal to 010; a normal to 010 makes an angle of 16° 18' (Na) 
with Z and 77° 10' with X; a normal to ooi makes an angle of 87° 56' 
with Z and 16° 28' with X; a normal to 100 makes an angle of 59° 31' 
with Z and 71° 21' with X. (- 1 -) 2V = 85° 12' Na, p > v. N, = 
1.5902 Li, 1.5961 Na, 1.6017 Tl, Nm = 1.5764 Li, 1.5818 Na, 1.5871 
Tl, Np = 1.5646 Li, 1.5700 Na, 1.5753 Tl, N* — Np = 0.0261 Na. 
Color yellow. 

BaCdCU 4H2O is tridinic with a : b : c = 0.855 • ^ ~ 

92® 35', = 106° 18', y = 88® 26'. Crystals short prismatic with 

Optic properties measured by Dr. V. A. Vigfusson—^personal communication, Dec, 
18, 1930. 

Indices measured by Holland {SHz, Akad. WicUy CXIX, iqio, p. 275) on 

**nickel chloride” of unknown formula. 

A. Neuhaus: Chem. Erde, V, 1930, p. 554. 
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two types of lamellar twinning much like plagioclase. Perfect i lo and 
iTo cleavages. G. = 2.97. AxisXnearly normal to no; optic plane 
nearly vertical with extinction of 11“ on no, 6° on 010, 2.5° on 100 
and4.5®on iTo. ( —) 2V = 61® i', p < v. Nm = 1.638red, 1.651 Na, 
1.664 blue, Ng — Np = not very strong. 

BaCdBr4 • 4H2O is isomorphous with BaCdCU • 4H2O with the same 
cleavages and twinning. G. = 3.69. Optic orientation only slightly 
different with extinction angles differing only 1° or 2°. (—) 2V = 

70° 13', p <v. Nm = 1.693 red, 1.702 Na, N(, - N, = ? 

5. HALIDES OF TRIVALENT B.-VSES 

AICI3 • 6H2O is trigonal with c = 0.534. Deliquescent in air. Uni¬ 
axial negative with No = 1.560, No — No = 0.053 N,, = 1.507. 

Colorless. Made from H2O solution. 

Asl* is trigonal with c = 2.998; crystals usually hexagonal basal 
plates with perfect 0001 cleavage. Uniaxial negative ” with No = 
2.59 ± C, No = 2.23 d: C, No — No = 0.36 db. Color deep red. 

Sbla crystallizes in three different phases; the low temperature tri¬ 
gonal crystals are usually in hexagonal basal plates with G. = 4.85. 
Uniaxial negative ** with No = 2.78 ± Li, No = 2.36 ±, No — N* = 
0.42 ±. Color deep ruby red. 

SbBrs is orthorhombicwith a : b :c = 0.781 : i : 1.165. Crys¬ 
tals 001 tablets with good 010 cleavage. G. = 4.15. Very deliques¬ 
cent. Optic orientation unknown. N = very high, considerably 
above 1.74. Optically negative. N, — Np = very strong. Color¬ 
less with luster and dispersion like that of diamond. 

6 . HALIDES OF TETRAVALENT BASES 

GeBr4 is isometric in octahedral crystals with G. = 3.13 (as a 
liquid at 29°). F. = 26° C. Isotropic with N = 1.6269. 

Snl4 is isometric and octahedral with G. = 4.70. Isotropic “ 
with N = 2.063 ± Li, 2.106 ± Na, 2.161 ± Tl. Color red. 

SiCU is isotropic’’® with N = 1.412 C. G. = 1.483 as a liquid. 
F. = -70° C. 

SiBr4 is isotropic with N = 1.579 F. G. = 2.812 at o°C. F. = 
5“ C. 

Dennis and Gill: Zeit, anorg, Chm,^ DC, p. 340; G. Takahaski^ et al.: Jour. GeoL 
Soc. TokyOj XXXV, 1928, p. 439. 

B. Slawson: Am. Mineral^ VII, 1922, p. 173. 

M, Dennis and F. E. Hance: Chem. News, CXXIV, 1922, p. 67. 

Crit. Tables, T, 1926, p. 112. 
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7 . ANHYDROUS HALIDES AND CYANIDES OF DIVALENT 
AND MONOVALENT BASES 

E2Zn(CN)4 is isometric in octahedrons with G. = 1.673 
N = 1.406 Li, 1.413 Na, 1.417 Tl. Colorless. 

Z2Cd(CN)4 is isometric®” and octahedral with G. = 1.824 and 
N = i.4i5Li, 1.4213 Na, 1.425 Tl. 

K2Hg(CN)4 is isometric ®® and octahedral with G. = 2.438 and 
N = 1.451 Li, 1.458 Na, 1.461 Tl. 

K2Zn(CN)4 and K2Cd(CN)4 form mix-crystals ®® in which for 20.76 
per cent K2Zn(CN)4, G. = 1.789 and N = r.4191 Na at 25° C.; for 
39.41 per cent K2Zn(CN)4, G. = 1.768. N = 1.4175 Na; for 60.02 
per cent K2Zn(CN)4, G. = 1.744, N = 1.416; for 81.13 cent 
K2Zn(CN)4, G. = 1.682, N = 1.4141- 

K2Zn(CN)4 and K2Hg(CN)4 form mix-crystals ®® in which for 53.21 
I>er cent K2Zn(CN)4, G. = 1.962, N = 1.452 Na at 25° C.; for 65.42 
per cent K2Zn(CN)4, G. = 1.883, N = 1.447; for 76.08 K2Zn(CN)4, 
G. = 1.801, N = 1.443; ior 88.36 per cent K2Zn(CN)4, G. = 1.738, 
N = 1.436. 

K2Cd(CN)4 and K2Hg(CN)4 form mix-crystals ®® in which for 22.00 
per cent K2Cd(CN)4, G. = 2.261 and N = 1.451 Na at 25° C.; for 
39.40 per cent K2Cd(CN)4, G. = 2.151 and N = 1.441; for 61.29 per 
cent K2Cd(CN)4, G. = 2.005 ^.nd N = 1-435; 82.10 per cent 

K2Cd(CN)4, G. - 1.927 and N = 1.428. 

(NH4)2FeCl4 is isometric and isotropic with N = 1.6439 D. 

K2PtCl4 is tetragonal with c = 0.416. Crystals prismatic with 
G. = 3.3. Uniaxial positive®* with No = 1.64, N. = 1.67, No — No 
= 0.03. Color dark red-brown; microscopically clear violet with O 
brighter than E and slightly greenish. 

KiCdClo is trigonal with c = 0.607; crystals rhombohedral with 
perfect rhombohedral cleavage. Twinning common. Uniaxial posi¬ 
tive withNo = 1.5841 B, 1.5906 D, 1,5965 E, 1.6208 H, No = 1.5842 B, 
1.5907 D, 1.5966 E, 1.6210 H, N« — No = 0.0001 D. 

(NH4)4CdClo is trigonal with c = 0.637. Crystals rhombohedral. 
G. 5= 2.01. Uniaxial positive with No = 1-5958 B, 1.6038 D, i.6noE, 

*®E. Carozzi: Gazz. Chim. Ital., LVI, 1926, p. i8o. Tables Ann. Const. Phys., VII, 2, 
1930, p. 1489. 

Crit. Tahhsy I, 1926, p. 112, 

Landolt-Bornstein: Tabdlenj 1924. 

Optic data by Bolland {SUz. Akad. Wiss. Wien^ CXIX, 1910, p. 275) on “potassium 
platinum chloride” of unknown formula. 
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1.6414 H, Nc = 1.5961 B, 1.6042 D , 1.6114 E, 1.6418 H, Nd — No = 
0.0004 D. 

CsHgCla is isometric and orthorhombic. Crystals octahedral with 
no distinct cleavage, but weakly birefringent with extinction parallel 
to the diagonals of the cube. Rhombic crystals have a similar habit, 
with a :b : c = 0.577 • ^ • 0.409. Extremely weak birefringence with 
N = 1.779 Li, 1.791 Na. Formed from H2O solution. 

(NH4)2ZnCl4 is orthorhombic with a :h : c = 0.722 : i : 0.570. 
Crystals 010 lamella;. G. = 1.88. The optic plane is 001; Z = a. 
(+) 2V = 53° 48', p> V weak. Nm = 1.5055 D, N„ - Np = ? Col¬ 
orless. Formed from H2O solution with NH4CI in excess. 

(NH4)3ZnCl5 is orthorhombic with a : b :c = 0.782 : i : 0.692. 
Crystals vertical columns or 010 tablets or equant. G. = 1.81. The 
optic plane is 001; Z = a. (-f) 2V = 46° 10', p > v weak. Nm = 
1.538, Nfl — Np = ? Colorless. Formed from H2O solution. 

8 . HYDROUS HALIDKS A.ND CYANIDES OF DIVALENT AND 
MONOVALENT BASES 

K2CuCl4.2H20 is tetragonal with c = 0.752; crystals pyramidal, 
prismatic or pseudododecahedral; twiiming on 111. G. = 2.41. Uni¬ 
axial negative with N® = 1.6438(623), 1.647 D (interpol.), 1.6485 
(578), 1.6636 (492), Ne = 1.6097 (623), 1.6133 (578), 1.6235 (492), 
No — N« = 0.0352 (578) (Ehringhaus Color green; pleochroic 
with X = sky blue, Z = grass green and X < Z. Also biaxial and 
probably orthorhombic with twinning on no in four sectors in which 
the optic plane is parallel to the diagonal (in 001) and 2H = 25®. 
Recently found at Vesuvius and named mitscherlichite. 

(NH4)2CuCl4-2H20 is tetragonal with c = 0.742; crystals p)Tam- 
idal or pseudododecahedral• with in and 100; twinning on in. 
G. = 2.06. Uniaxial negative 2° with N» = 1.670, N« = 1.645, 
No — No = 0.025. Also biaxial with 2H = 16° or less, twinned on 
no. 

(NH4)4Fe(CN)e‘2NH4Cl-31120 is trigonal with c — 1.032; crys¬ 
tals rhombohedral with no distinct cleavage. G. = 1.49. Uniaxial 
negative with No = 1.6067 Li, 1.6198 Na, 1.6241 Tl, N« = 1.5881 Li, 
1.5922 Na, 1.5964 Tl, No — N, = 0.0276 Na. Color yellow. 

K2HgCl4-H20 is orthorhombic with a : h : c — 0.707 : i : 0.766. 
Crystals prismatic or tabular parallel to no. The optic plane is 001; 

«• N.J. Min. Bl. Bd. XLI, 1917, p. 34 *. 

**>Miit. Abst., IV, 1929, p. 14. 
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X = a. (-) 2V = 78“ 25', p> V strong. N, » 1.699 Na, Nm = 
1.678, Np = 1.648, Np - Np = 0.051. 

LiKPt(CN)4 >31120 is orthorhombic with a : 5 : c = 0.715 : i : 
0.444. Crystals prismatic with no good cleavage. The optic plane is 
100; Z = c. (+) 2V == 19°, p > V distinct. For 656 mp Ng == 
2.0405, N»,= 1.6217, Np = 1.6183, Ng — Np = 0.4217. For 588 m/t Ng 
= 2.2916, Nm = 1.6278, Np = 1.6237, Ng — Np = 0.6679. Color red; 
pleochroic with X = Y = orange yellow, Z = red. 

LiRbPt(CN)4 • 3H2O is orthorhombic with a : b : c = 0.715 : i : 
0.448. Crystals prismatic. The optic plane is 100; Z = c. (+) 2V = 
12°40', p> V distinct. For 656 lap Ng = 1.827, N™ = 1.6176, 
Np = 1.6153; for 588 m/uNg = 1.9310, N™ = 1.6233, Np = 1.6204, 
Ng — Np = 0.3106. Color yellow; fluorescence green; pleochroic 
with X = Y = light yellow, Z = gold yellow. 

KMgBr3>6H20 is orthorhombic pseudotetragonal without cleav¬ 
age; twinning on no. H. = 2. The optic plane is 001; Z — b. 
(-1-) 2V = 87°, Nm = 1.535, Ng — Np = very strong. Colorless. De¬ 
stroyed by heat at about 100® C. Crystal solutions of this salt and 
carnaUite (15 to 85 per cent) are tetragonal, uniaxial positive, N* = 
1.52 ±, No — N« — very weak like leucite, increasing with increase of 
chlorine. 

K2Pt(CN)4>3H20 is orthorhombic with a : b : c = 0.879 • ^ : 0.274. 
Crystals short prismatic without cleavage. The optic plane is 100; 
Z = c. (-I-) 2E = 78° red, 40° blue. N'g = 1.62,41 Xm = ?, N'p = 
1.615, N'g — N'p = 0.005. Colored and fluorescent. 

Rb2Pt(CN)4 >31120 (?) is monoclinic with a : b : c — 0.931 : i : 
o> 5337 ~ 12'. Crystals 100 tablets or prismatic. The optic 

plane is normal to 010; Z nearly ** c. (-I-) 2V = moderate with dis¬ 
tinct horizontal dispersion. N'g = 1.656 He red, 1.662 C, 1.696 He 
yellow, 1.816 He green, Nm = 1.62 ±, N'p = 1.6056 He red, 1.6072 C, 
1.6111 He yellow, N'g — N'p = 0.054 C, 0.085 He yellow. Color pale 
green, weakly fluorescent in blue. Alters easily to colorless state. 

E[40s(CN) 6-3H20 is monodinic with a : b :c = 0.393 ■ ^ * i^>3947 
j8 = 89° 54'. Crystals 010 plates with perfect 010 deavage. The 
optic plane is normal to 010; X Ac <= + 30® 10'. (—) 2V = 47®o', 
Nm * 1.6071, Ng — Np = ? Colorless. 

Indices measured by Holland (SUz. Akad. Wks. Wim, CXIX, 1910, p. 275) on 
potassium platinum cyanide” of unknown fonnula. 

Kryst., XLIX, 1911, p. 119. Holland gives {SUz, Akad. Wiss. Wietiy CXIX, 
1910, p. 275) for "rubidium platinum cyanide”: « 1.95 -I-, * 1.71, Np « 1.56, 

Np - Np « 0.39 +. 
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13 = 89 ° 

/Oil 


of potassium fer- 
rocyanide. (After 
Groth). 


K4Ru(CN)c- 31120 is monodinic with a :b :c = 0.394 : i : 0.395, 
54'. Crystals 010 plates (with no and on) with perfect 010 
deavage. The optic plane is normal to 010; 

, X AC =+32° 10'. (-) 2V = 54°o', N„ = 1.5837 

Na, N„ - Np = ? Colorless. 

K4Fe(CN)c-31120 is monodinic with a :b : c = 
0.3936 : I : 0.3943, = 89° 58'; crystals prismatic, 

pseudotetragonal with 010 ( = pseudotetragonal 
base), no and on; see Fig. 195. Twinning on 
100 or 001; 010 may be the composition face of 
Fig. 195.— Pseudo- twins. Perfect 010 deavage. G. = 1.9 ±. The 
tetragonal habit optic plane is normal to 010; X Ac = + 31° 50'. 

( —) 2V = 78° 10' Na, p > V very weak. Nm = 
1.5772, N, — Np = (?)'*■'* Color yellow. 

Li2K2Fe(CN)B-3H20 is monodinic with a: b: c = 
0.962 ; I : 0.747, /3 = 83° 52'; crystals tabular parallel to 100 and 
vertically elongated. Twinning on 100. The optic plane is 010; 
X A c = - 44°. (-) 2V = 66° 31' Li, 65° 56' Na, 65° 22' Tl, 
p > V, weak. Np = 1.6316 Na, Nm = 1-5947 Li, 1.6007 Na, 1.6066 
Tl, Np = 1.5883 Na, Np — Np = 0.0433. (Indices make this positive.) 

Na4Fe(CN)6-i2H20? is monodinic with a :b : c = 0.852 : i : 
0.787, — 82° 26'; crystals prismatic with 010, no, on, 100, 101; 

indistinct no deavage. G. = 1.46. The optic plane is 010; Z = 
-t- 74°. {+) 2V = 81° 25' Na, p > V, weak. Np = 1.5436 Na, N„ = 
1.528 red, 1.5295 Na, 1.536 green, Np = 1.5193 Na, Np - Np = 
0.0243. Color yellow with Y > X > Z. Formed from H2O solution. 

NaKPt(CN)4 -3H20 ** is monodinic with a : b : c — 0.852 ; i : 
0.472, p = 84° 52'. Crystals prismatic with no, on, 010. The optic 
plane is nearly normal to the edge of on. (+) 2V=very small. Np = 

1.90 ±, Nm = 1.61 ±, Np = 1.6088 D, Np — Np = 0.29 db. Color 


orange. 

Cs2MnCl4-2H20 is tridinic (?) in long plates formed of 001 and 
100 at an angle of 84° 33'; good 001 cleavage. Extinction on plates 
at 45° to edge. N'p = 1.65, Nm = ?, N'p = 1.64, N'p — N'p = o.oi. 

Na2Pt(CN)4.3H20 is triclinic and pseudohexagonal, with a : b : c 
— 1.701 ; I : 0.809. « = 94° S 7 ^ ^ — 92° 18', y = 89° i'. Crystals 

Bolland {SUz. Akad. Wiss. WieUy CXIX, 1910, p. 275) gives — Np « 0.005. 

** P. Gaubert: Buli. Soc. Fr. Min.^ XL, 1917, p. 181. Bolland {SUz, Akad, Wiss. Wien, 
CXIX, 1910, p. 275) gives Nj, = 1.95 4 -, - Np « 0.335 -f. 

Optic data by Bolland on “casium manganese chloride” of unknown formula. 

*^ZeU. Kryst.f XLIX, 1911, p. 113. 
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prismatic, always twinned on loo; also twinning on no and on axis c. 
Perfect ooi cleavage. Extinction from trace of optic plane in ooi is 
in loo A iTo at 41° to 001 : 100 edge in Na light. The same extinc¬ 
tion angle in red is 26® greater than in blue light. ( —) 2V = small, 
p > V, strong, with strong crossed dispersion. N„ = 1.61, Nm = 
1,60 ±, Np = 1.53, Nj — Np = 0.08. Dispersion for N'm, He green 
— He red = 0.0194. Colorless. 

9. ANHYDROUS H.-VLIDES AND CYANIDES OF TKIVALENT AND 
MONOVALENT BASES 

(NH4)3ScFo is tetragonal with c = 1.02. G. = 1.80. Uniaxial 
negative with No less than 1.47, No — No = weak. 

Cs-iTUCly is hexagonal with c — 0.826. Uniaxial negative with 
No = 1.772 Li, 1.784 Na, 1.792 Tl, N,. = 1.762 Li, 1.774 Na, 1.786 Tl, 
No — No = 0.010 Na. 

(NH 4 ) 2 MnF 5 is orthorhombic with a :b : c = 0.576 : i : 0.742. 
G. = 2.37. 010 cleavage. The optic plane is 010; X = c. (—) 2V — 
?, Np = 1.50, Nm = ?, Np = 1.46, Np - Np = 0.04. 

KBF4 is orthorhombic with a :b :c = 0.790 : i ; 1.283. Crystals 
OOI tablets elongated parallel to b (also a). G. = 2.505. The optic 
plane is 010 (100?), X = c. (—) 2V = moderate, Np = 1.3247 Na, 
1-3255 (577)>Nm = 1.3236 (677), 1.3245 Na, 1.3253 (577), Np =1.3231 
(677), 1.3239 Na, 1.3248 (577), Np — Np = 0.0008 Na. Colorless. 

CSBF4 is similar to KBF4 with G. = 3.305 and N = 1.36 Na. 

CsCeCU^'* is monoclinic (?) extinguishing at 11° from elongation. 
It is biaxial with N = 1.58, and Np — Np = weak. Colorless. 

K3Cr(CN)o is monoclinic with a : b : c - 1.287 • ^ • 0-805, ^ = 
89° 57'. Crystals prismatic; lamelliu: twinning on 100; 100 cleavage. 
The optic plane is 010; Z A c = 0° ±. (-I-) 2E = 72° 23' Li, 73° 32' 

Na, 74° 2' Tl, 2V = 46®. Np = i.5324Li, 1.5373 Na, 1.5423 Tl, Nm = 
1.5198 Li, 1.5244 Na, 1.5292 Tl, Np = 1.5176 Li, 1.5221 No, 1.5268 
Tl, Np — Np = 0.0151 Na. Color clear yellow. 

K3Mn(CN)6 is monoclinic with a :b : c — 1.289 : i : 0.801, /3 = 
89° 53'. Crystals prismatic; twinning on 100; 100 cleavage. The 
optic plane is 010; Z A c = o® ±. (-f-) 2E = 70® 31' Li, 74® 4' Na. 
2V = 43®. Np = 1.5710 Li, Nm = i. 5547 > Np = 1.5527, Np - Np = 
0.0183. Weakly pleochroic with X = brick red, Y = scarlet, Z = 
blood red. 

K. Kasporava: Tables Ann. Intern. Const., V, 1925. 

F. Zambonini: Aiti. Accad. Lincei Rom. (6), III, 1926, p. 644. 
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K3Fe(CN)6 is monoclinic with a : b : c - 1.288 : i : 0.801, 
/S = 89° 54'. Crystals prismatic with no, 100, 322, 122, in (see 
Fig. 196) often twinned on 100; perfect 100 
cleavage. G. =* 1.85. The optic plane is 010; 
Z A c = + 3° 53'. (+) 2E = 71® 20' Li, 75° 

52' Na, increasing with temperature. 2V = 49®. 

N, = 1.5759 1-5831 D, N™ = 1.5615 B; 1-5689 

D, Np = 1.5591 B, 1.5660 D, Np — Np = 0.0171 
D. Pleochroic with X = orange to clear red, 
Y = hyacinth, to cherry red, Z = cherry red; 
X < Z < Y. 

K3Rh(CN)6 is monoclinic with a : b : c = 
Fig. ig6.—A crystal 1.286 : I : o.8n, 0 = 89° 31'. Crystals prismatic 
habit of ^tassium t^dimed on 100; also pyramidal. The optic 

Groth). plane is oio; Z A <; = (+) 2E = 62° 55 Li, 

63° 35' Na, 64° 23' Tl. 2V = 39°. Np = 1.5634 
Na, Nm = 1.5513, Np = 1.5498, Np — Np = 0.0126. Colorless. 

10. HYDROUS HALIDES AND CYANIDES OF TRIVALKNT AND 
MONOVALENT BASES 

NaAuCl4-2H20 is orthorhombic with a : b : c = 0.700 : 1 : 0.546. 
Crystals six-sided prisms(no, 010, in and 021). (-f) 2V = ? 

N, = 1.75 +, Nm = ?, Np = 1.545, Np - Np = 0.205 +. Serves as a 
microchemical test for gold. 

11. HALIDES AND CYANIDES OF TRIVALENT AND DIVALENT BASES 

Y2pt3(CN)i2 -2iH20 is orthorhombic with a : b : c = 0.892 : i: 

O. 616. Crystals 001 plates (001, no, in, 221) with perfect 001 
cleavage. Twinning on no, the optic plane is 010; Z = c. (-f) 
2E = 28® Li, 23® Na; 2V = 15® ± Na. Np = 2.058 He red, 2.055 C, 
Nm = ?, N'p = 1.5899 He red, 1.5907 C, Np — Np = 0.46. Color 
deep red; pleochroic in violet and orange tints. 

Ce2Pt3(CN)i2-i8H20 is monoclinic with a :b : c — 0.581 : i : 
o- 553 j & ^ 72° 27'. Crystals prismatic without distinct cleavage. 
Twiimingon 100. G. = 2.66. (-1-) 2V®2 = ?, Np = 1.68, Nm = 1.66, 

Optic data by Holland (SUz. Akad, WUs. Wien, CXDC, 1910, p. 275), on ‘^sodium 
gold chloride’’ of unknown formula. 

^^ZeU. Kryst, XLIX, 1911, p. 122. 

Optic data by Holland (sUz. Akad. Wiss, Wien, CXIX, 1910, p. 275) “cerium 
platinum cyanide” of unknown formula. 
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Np = 1.65, Np — Np = 0.03. Color pale yellow with bluish fluor¬ 
escence. 

12. ANHYDROUS HALIDES AND CYANIDES OF TETRAVALENT 
AND MONOVALENT BASES 

K2SiFG is isometric with perfect in cleavage. Crystals cubic or 
octahedral. G. = 2.75. Isotropic®® with N = 1.3391. If alumina 
is present the index may be about 1.39. Colorless. Made by slow 
cooling of a hot H2O solution; serves as a micro-chemical test for 
potassium; the natural substance, called hieratile, is found as a rarity 
about volcanoes. By complete evaporation of a solution at about 10° 
C. hexagonal crystals may form in thin basal tablets which have 
c = 1.60, G. = 3.08, perfect basal cleavage, uniaxial negative char¬ 
acter and weak birefringence. 

(NH 4 ) 2 SiFu is isometric with perfect in cleavage. Crystals 
octahedral. G. = 2. Isotropic with N = 1.3682 C, 1.3696 D, 
1.3723 F. Colorless. Made from H2O solution above 13“ C. The 
natural substance, called cryptohalite, is found rarely about volcanoes 
and as a sublimate near a burning coal seam. By evaporating a 
solution at about 5° C. hexagonal crystals form as basal tablets which 
have c = 1.655, G.= 2.15, perfect basal cleavage and negative 
uniaxial character with N* = 1.406 Na, N. = 1.391, No — N, = 
0.015 (nat. cryst.). 

(NH4)3ZrF7 is isometric ®'* and octahedral with N = 1.433 
Formed from solutions with excess of NH4F. 

K2PtCl6 is isometric; crystals octahedral or cubic with good in 
cleavage. G. = 3.6-3.7. Isotropic with N = 1.827 (577 m/x).®® Color 
yellow. 

(NH4)2PtCl6 is isometric and octahedral with perfect in cleavage. 
G. = 3.0. Isotropic with N = 1.8. 

K2SnCl6 is isometric; crystals octahedral with perfect in cleav¬ 
age. G. = 2.69. Isotropic with N = 1.6517 C. 1.6574 D, 1.6717 F. 
Colorless. 

(NH4)8HfF7 is isometric with N = 1.426 D. 

"AUiAccad. Lincei, Rom., XXI, 1922, p. 112. Also ZeU. anorg. Chem ., LXXXVII, 

« 9 i 4 . P. SS- 

Crit. Tables, 1,1926, p. 114. 

“ F. J. Moore and E. S. Gatewood: Jour. Am. Chem. Soc., XLV, 1933, p. 145 and 
E. S. Gatewood, ibid., p. 3059. 

Crit. Tables, 1,1926, p. 14a 
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KaZrFT is isometric and octahedral with N = 1.408. Formed 
from solutions with excess of KF. 

K2TiFr, is trigonal with C = 0.814; crystals often tabular on 
loTi; twinning common on loTi. G. = 3.01. Uniaxial negative 
with N„ = 1.475, N,. = ?, No — N„ = weak. Easily formed from 
solution. 

Na2SiFo is pseudohexagonal (orthorhombic) with c = 0.564. 
Crystals prismatic. Twinning on no as in aragonite. G. == 2.75. 
X = c\ Biaxial negative of small optic angle. N^; (nearly = N„,) == 
1.3117 (649), T.3125 Na, 1.3138 (501), N;, = 1.3089, Nf; — Np = 
0.0036 (Raiteri).'"’'^ The natural substance has been named malla- 
drite?^ (Tystals serve as a microchemical test for sodium. 

K2ZrF() is monoclinic with a : b : r = 0.573 : 1 : 0.597, 

40'; crystals prismatic with 001 cleavage and G. = 3.58. Lamellar 
twinning on 100 and 001. Soluble in hot water. The optic plane is 
normal to 010; Z A c = 45°. (+) 2V = 60°, Ny = (1.498), Nm = 

1.465, Np = 1.454, N,/ — = (0.044). Colorless. 

13. HYDROUS HAJ.IDKS AND CVANIDKS OF l'KTRA\^\l.ENT AND 
DIVALJCNT RASKS 

MgSiFo*6H20<^'^ is trigonal with r = 0.517; crystals prismatic 
to rhombohedral with perfect 1120 cleavages. Ci. = 1.76. Uniaxial 
positive with No = 1.3427 C, 1.3439 ^-3473 N,. = 1.3587 C, 

1.3602 D, 1.3634 F, N„ — No = 0.0163 Colorless. Crystals 
serv'e as a microchemical test for magnesium. 

MnSiFe 6H2O eo is trigonal with c = 0.504; crystals prismatic 
with perfect 1120 cleavages. G. = 1.86. Uniaxial positive with 
No = 1.3552 C, 1.3570 D, 1.3605 F, No = 1.3721 C, 1.3742 I), 1.3774 
F, No — No = 0.0172 D. Color pink. Made by reaction of HF on 
manganese silicates. 

FeSiFo 6 H 2 O 80 is trigonal with c — 0.503; crystals like those of 
MgSiF(i-6H20. Uniaxial positive with N„ = 1.3619 Li, 1.3638 Na, 

Int. Crit. Tables^ I, 1926, p. 156 
6'“ F. Zambonini: BtdL Soc. Fr. Min., LIII, 1931, p. 463. 

AUi. Accad. Lincei Rom, (6), IV, 1926, p. 171. 

Univ. Toronto Sttdies, Geol. Ser., XX, 1925, p. 63. 

The studies of Boehm (Zeit. anorg. Chem., XLIII, 1905, p. 330), and of Edmister 
and Cooper (Jour, Am, Chem, Soc,, XLII, 1920, p. 2419), make it very probable that the 
supposed silicofluorides of cobalt, nickel, manganese and copper are actually acid fluorides, 
containing no silicon, of the type RFa • 5HF * 6 H 2 O. By inference the other silicofluorides of 
divalent bases are called in question. It may be added that the indices given seem lower 
than normal for such silicofluorides. 
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1.3656 Tl, Ne = 1.3828 Li, 1.3848 Na, 1.3867 Tl, N, - N„ = 0.0210 
Na. Colorless. Made by reaction of HF on iron silicates. Crystals 
serve as a microchemical test for iron. 

NiSiFG-6H20«‘’ is trigonal with c — 0.514; crystals long prismatic 
with perfect 1120 cleavages. G. = 2.13. Uniaxial positive with 
No = 1.3876 C, 1.3910 D, 1.3950 F, Nc = 1.4036 C, 1.4066 D, 1.4105 
F, No — No = 0.0156 D. Color apple green. Made by reaction of 
HF on nickel silicates. 

CoSiFc-6H20«" is trigonal with c — 0.522; crystals prismatic to 
rhombohcdral with distinct 1120 cleavages. G. = 2.09. Uniaxial 
positive with No = 1.3817 C, No = 1.3872, No — N„ = 0.0055. 
Color red. 

CuSiF(i-6H20®" is trigonal withe = 0.540; crystals thick prismatic, 
unstable, with indistinct 1120 cleavages. G. = 2.21. Uniaxial nega¬ 
tive with No = 1.4074 C, 1.4092 D, 1.4138 F, No = 1.4062 C, 1.40801), 
1.4124 1% No — No = 0.0012 D. Color blue. 

ZnSiF,! 6H20«« is trigonal with c = 0.517; crystals prismatic 
with perfect 1120 cleavages. G. = 2.14. Uniaxial positive with 
with No = 1.3808 C, 1.3824 D, 1.3860 F, No = 1.3938 C, 1.3956 D, 
1.3992 F, No — No = 0.0132 D. Colorless. 

MgSnClu-6H20 is trigonal with c = 0.508; crystals rhombohcdral 
with perfect 1120 cleavages. G. = 2.08. Uniaxial positive with 
No = 1.5715 1.5885 U, No = 1.583 C, 1.597 D, No - No = 

0.0085 Colorless. 

14 . HALIDES OE HEXAVALENT AND MONOVALENT BASES 

(NH4)3U02F5 is tetragonal with e = 0.9 -f. Crystals pyramidal; 
often with cruciform twinning. G. = 4.26. Uniaxial negative ®i 
with No = 1.495, No = 1.49, No — No — 0.005. 

CS2UO2CI4 is triclinicwith 010 A no = 49° 7' and 010 Aon 
= 40° 31'; crystals resembling those of gypsum, much twinned. 
Z' A c in 010 = 15°. A prism parallel to c gives Ni = 1.695, N2 = 
1.625 ^ prism parallel to a gives N3 = 1.614, N4 = 1.691. Color 

yellow. 

(NH4)2U02Cl4.2H20 is triclinic with a :b :c — 0.61 ; i : 0.56. 
a = 81®, P = 78°, 7 = 91°. Crystals 001 or 010 tablets. N'„ = 

** Optic data by Bolland (SUz. Akad. Wiss. Wien, CXIX, 1910, p. 275) on “ammo¬ 
nium uranium fluoride”—Formula unknown. 

“E. L. Nichols and H. L. Howes: Cam. Inst. Publ., 298, 1919, p. 217. 
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1.637, N'* = 1.633, N'p = 1.566 - 1.574 (-) 2V == small, N', - 

= 0.063 ~ 0.071. Color yellow with X = colorless, Y = deep 
yellow. 

15 . HALIDES WITH AMMONU 

PtCl2-4NH3-nH20 is tetragonal®^ with c = i.ii ± . Crystals 
short plates. Uniaxial and negative with N„ = 1.612, N* = 1.607, 
No — No = 0.005. Color brownish yellow. Formed by evaporating 
an aqueous solution. 

PtCl2-2NH3-4(PtCl2-4NH3) is tetragonal with c = i.iii. Crys¬ 
tals isomorphous with Pd compound. Uniaxial and negative with 
No = 1.666, No = 1.658, No — Ne = 0.008. Color brownish yellow. 
ZnCl 2 - 6 NH 3 is hexagonal prismatic with perfect 0001 cleavage. 

H. '= I. Soluble in water. Uniaxial negative with No = 1.539, 
No = ?, No — N« = o.oo9±. Colorless. Formed in an electric 
battery. 

IrCl3'4NH3.H20 is trigonal with c = 0.645. Crystals prismatic. 
Uniaxial positive with N„ = 1.6576, N,. = 1.6666, N* — N„ = 0.009. 

KPtCla -NHa H2O is orthorhombic with a : b : c = 1.262 : i : 
0.823. Crystals prismatic with 101; no distinct cleavage. The optic 
plane is 100; X = c. ( —) 2V = 64® ±. Nj = 1.588 ±, Nm == 

I. 5754, Nj, = 1.5438, No — Np = 0.044 ±. Color reddish yellow 
and pleochroic with X = yellowish red, Y = reddish yellow, Z = deep 
yellow or red. 

ZnCl2-2NH3 is orthorhombic with a : b : c = 0.916 : 1 : 0.951. 
Crystals no twinned plates or pseudotetragonal forms like pyramids 
on the b axis. Twinning on on (with no as the composition face) 
in crosses. Perfect on and 010 cleavages. H. = i. G. = 1.95. 
Soluble in water. The optic plane is 010; Z = c. (-I-) 2V = large 
(86° in glycerine). N, = ?, N„ = i.6i8 ±, N^ = ?, N, - N, = ?. 
Colorless. Formed in an electric battery. 

16 . OXYHALIDES 

HgsOCU is isometric in dodecahedrons or octahedrons with 
G. = 6.39 and N — 2,001 Na. 

ZrOCl2 -8H20 is tetragonal with c = 0.318. Crystals prismatic 

•• Zeii, anarg, Chm., CLXXIX, 1930, p. 137. 

•♦K. Chuboda: Cent. Min.y 1929, A, p. 139. 

E. Carozzt: Gazt. Chim. Ital., LVI, 1926, p. 175. Tables Am* Const* Phys*^ VII, a, 
1930, p. 1488. 
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with loo cleavage. Soluble in HCl. Uniaxial positive with 
No = 1-552, N« = 1.563, Ne - No = o.oii. 

BKOCI2 -81120 is uniaxial ®® negative with No = 1-557, N« = 1.543, 
No — No = 0.014. 

3Ca0-Al203'CaCl2-101120 is hexagonal®^ in thin basal plates 
with c = 2.067. Uniaxial negative with No = 1-550, No = 1-535, 
No — No = 0.015. Colorless. Below 36“ C. it is monoclinic and 
pseudohexagonal in basal plates with complex twinning and a :b : c = 
0.579 : I : 1-378, /3 = 87° 20', G. = 1.89. The optic plane is 010; 
an optic axis is nearly normal to 001. 

Ca20Cl2-21120 is hexagonal and prismatic; uniaxial and nega¬ 
tive with No = 1.638 dz. No = 1-634 ±, No — No = 0.004 ±- Color¬ 
less. 

Ca504Cl2 - 14H2O (?) is orthorhombic ®® with perfect 001 cleavage. 
The optic plane is 100; X = a. ( —) 2V = 45°, Nj = 1.537, N*. = 
1.533, Np = 1.517, No — Np = 0.020. Colorless. Similar crystals®® 
probably containing CO2 have Np = 1.558, Np, = 1.544, Np = 1.478, 
Np — Np = 0.080. 

IV CYANATES AND THIOCYANATES 

1. CYAN.\TES 

NaCNO is hexagonal' with rhombohedral cleavage. Uniaxial 
positive with No = 1.389, No = 1.627, No — No = 0.238. 

2. THIOCYAN.ATES OF MONOVALENT BASES 

NaCNS forms 2 dear prismatic crystals, probably orthorhombic, 
with negative elongation and parallel extinction. ( —)2V = 82° ±3° 
(calc.). Np = 1.695 ± -005, Np, = 1.625 ± -003, Np = 1.545 ±.005, 
Np — Np = 0.150 ± .01. Colorless. 

£CNS forms 2 long prismatic crystals, probably monoclinic, with 
positive elongation and Z A c = 16° ±. (—) 2V = 68® ± 3° (calc.). 

Np = 1.730 ± .005, No, = 1.660 ± .005, Np = 1.532 ± .003, Np - Np 
= 0.198 dr .01. Colorless. 

“ IfU. Crii, Tables, I, 1926, p. 140. 

®^L. S. Wells: Bttr, Stand. Jour, Res., I, 1928, p. 951. 

Properties measured by H. E. Merwin—personal communication, Mar. 25, 1931. 
Formula of the orthorhombic salt from Chem. Weekb., VIII, 1911, p. 683; other formulas 
given in U. S. Bur. Stand. Tech. Pap.. 174, 1920. 

' Properties determined by H. E. Merwin—personal communication, Mar. 25, 1931. 

* V. A. Vigfusson—personal communication, Sept. 30 and Nov. 29, 1930. 
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NH4CNS is monoclinic ^ with a :h : c — 2.035 ■ ^ ^ 

58'; crystals 100 plates or prisms with perfect 100 and loT cleavages. 
The optic plane is 010 and Z A c = 22° (Vigfusson 2); X A ± loT = 
18° (Gossner)-'^. ( —) 2V = 23° ± 3° (calc.), p <v strong and also 
inclined dispersion. N„ = 1.692 ± .003, Nm = 1-685 ± .003, Np = 
1.546 ± .003, Np — Np = 0.146 ± .006 (Vigfusson “)• Colorless. 

3 . THIOCYANATES OF DIVALENT AND MONOV.\LENT BASES 

Cs3Ag2Ba(CNS)7 is tetragonal with c = 0.906. Crystals short 
prismatic with 201. Perfect 001 cleavage. G. = 3.03. Uniaxial 
negative with No = 1-7761, Na, No = 1.6788, No — No = 0.0973. 

Cs3Cu2Ba(CNS)7 is tetragonal with c = 0.918. Crystals short 
prismatic with 201 or 001. Perfect 001 cleavage. G. = 2.92. Uni¬ 
axial negative with No = i.8oi3Na,Ne = 1.6882,No — N<. = 0.1131. 

Cs3Cu2Sr(CNS)7 is tetragonal witJi c = 0.916. Crystals short 
prismatic with 201 and 001. Perfect 001 cleavage. G. = 2.88. 
Uniaxial negative with No = 1-8535, No = 1.6982, N* — Nr = 
0 -I 553 - 

EHg(CNS)3 is orthorhombic^ in acicular crystals with on A on 
= 158° ±. The optic plane is 100; X = c. ( —) 2V = 65° — 70°. 
p <v strong. N/’ = 1.880 db, N* = 1.843, Np = 1.730, Np — Np = 
0.150. 

K 2 Hg(CNS )4 is monoclinic;'* crystals varied in habit with no A i fo 
= 80° ±, /3 = 74° ±, X A a = 22°, Y nearly = c,Z = b. ( —) 2V = 
nearly 90°, p > v strong. N, = 1.9 (est.), Nm = 1.80 (est.). 

Np = 1.645, Np - Np = 0.255 (est,). 


V. OXIDES 

The oxides are here arranged, first in the order of increasing 
valence of the element combined with oxygen and second in the order 
of decreasing symmetry,—the anhydrous oxides being considered before 
the hydrous. 

I. OXIDES OF MONOVALENT ELEMENTS 

IA2O is isometric with the CaF2 space lattice; distinct cleavage. 
G. = 2.01. F. = above 1625° C., but sublimes below 1000°, and 

* Groth. Chem. Krysl., II, 1908, p. 3. 

‘ C. W. Mason and W. D. Fotgeng: Jour. Phys. Chem., XXXV, 1931, p. 1123. 

“Indices measured by H. E. Merwin—-personal communication, Mar. as, ip.si. 
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oxidizes to Li202 at lower temperatures. Soluble in water. Isotropic ^ 
with N = 1.644; also anisotropic (from strain?). Colorless or stained 
yellow by Li202. 

CU2O is isometric in octahedrons, cubes, or combinations, with 
poor III cleavage. The space lattice is shown in Fig. 190. H = 
3.5-4. G. = 5.975. Isotropic with N = 2.534 B, 2.558 C, 2.705 D, 
2.963 F. Color bright red. Made by electrolytic deposition, etc. 
The natural substance, called cuprite, is found in the oxide zone of 
copper deposits; it may alter to copper or to malachite, etc. 

H2O is hexagonal with c = i .62. Complete crystals rare; skeleton 
{snow) crystals very common as hexagonal basal tablets. Basal 
gliding plane developed by pressure. H. = 1.5. G. = 0.918. Melts 
to water at 0° C. (which has N = 1.333). Uniaxial positive with^ 
No = 1.3073 C, 1.3090D, i.3i33F,Ne = T.3086C, 1.3104D, 1.3147 
Nr — N0O.0014 D (data for —3° C.). Colorless (to pale blue in mass). 
The natural substance, icCy is common as a temporary constituent 
of surface rocks during cold weather; also abundant as a coating over 
lakes, and as masses (over land) called glaciers, whose texture is like 
that of granular limestone. In the form of frost, often dendritic, stel¬ 
late, etc. 


2. .ANHYDROUS OXIDES OE DIVALENT ELEMENTS 

MgO is isometric in cubes, octahedrons and grains with perfect 
100 and imperfect in cleavages. Crystals have the NaCl space 
lattice. H. = 5-5.5. G. = 3.58. F. = 2800° ± C. Isotropic with 
N= 1.734-1.737. Pure MgO has *N = 1.7335 C, 1.7366 D, 1.7475 F. 
Colorless. Made from fusion, etc. The natural substance called 
periclase, is found as a rarity chiefly in contact zones. 

CaO is isometric with the NaCl space lattice. Crystals cubic with 
perfect cubic cleavage.® H. = 3-4. G. = 3.32. Fuses at 2570“ C. 

* F. M. Jaeger: Proc, K. Akad. Wet. Amst,, XVI, 1Q14, p. S57. 

^N. J. Min. Bl. Bd. XLL 1917, p. 362. 

•■’Shepherd, Rankin and Wright: Am, Jour. Set., CLXXVIII, iqog, p. 293. N, L. 
Bowen and O. Andersen: Am. Jour. Sci.^ CLXXXVII,* 19x4, p. 487. G. A. Rankin and 
H. E. Merwin: Jour. Am. Chem. Soc., XXXVIII, 1916, p. 568. J. B. Ferguson and H. E. 
Merwin: Am. Jour. Set., CXCVIII, 1919, p. 81. 

*M. Haase: Zeit, Kryst., LXV, 1927, p. 509. 

»G. A. Rankin and F. E. Wright; Am. Jour. Sci., CLXXII, 1906, p. 294, CLXXXK, 
I9IS> p. I. Sosman, Hostetter and Merwin; Jour. Wash. Acad, Set,, V, 1915, p. 566. 
J. B, Feiguson and H. E. Merwin: Am, Jour. Set., CXCVIII, 1919, p. 81. Whitens test 
for free lime {CaO or Ca(OH)s} may be made by adding a solution of phenol in nitro¬ 
benzene to form calcium phenolate {Ca(CeHsO}s} which forms tetragonal acicular prisms, 
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Soluble in acid. Hydrates rapidly in moist air. Isotropic with 
N = 1.833 C, 1.837 D, 1.846 (530). Reversible inversion at about 
420® C., both forms being isotropic. As made from fusion it is in 
round grains. Colorless. 

SrO is isometric with the NaCl space lattice. Crystals cubic with 
perfect cubic cleavage. G. =4.75;® 5.14." Isotropic with N = 
1.856 C, 1.870 D, 1.880 (53s). Colorless. Reacts with moisture even 
at high temperature. Miscible in all proportions with CaO. Made 
from fusion. 

CdO is isometric and octahedral or cubic with (in ?) cleavage. 
G. = 8.15 ±. Isotropic^* with N = 2.49 ± Li. Color brown or 
red to black. 

BaO is isometric with the NaCl space lattice. Crystals cubic 
with perfect cubic cleavage. G. = 5.72;^ 6.09.^ Isotropic with 
N = 1.958 C, 1.980 Na,^ 2.002 (520); 2.16 Li.' Colorless. Reacts 
with moisture even at high temperature. Made from fusion. 

NiO is isometric with the NaCl space lattice. Crystals octa¬ 
hedral with H. = 5.5. G. = 6.80. F. = 7. Soluble in acid. Iso¬ 
tropic with N = 2.37 Li. Color deep green (or brownish black). 
Made by oxidation of nickel. The natural substance, called bun- 
senite, is very rare. 

PbO is tetragonal (= lithargite) and orthorhombic (= massicolite). 
The tetragonal crystals are basal tablets with perfect prismatic cleav¬ 
age. H. — 2. G. = 9.13. F. = 1.5. Soluble in HNO3. Uniaxial 
negative with N. = 2.665 Li, N. = 2.535 Li, N» — Nc = 0.13. Color 
yellowish red. Artificial “ litharge ” is a mixture with lithargite 
crystals bordering massicotite, from which they are doubtless derived. 
Rare natural crystals show a similar condition. 

The orthorhombic PbO crystals are 100 tablets with a :b :c = 
0.671 :1 :0.976; perfect 100 cleavage. Soft. G. = 9.29. F. = 1.5. 
Soluble in HNO3. Axis Y (or X?) normal to 100. Optic angle very 
large, positive (negative in blue) with strong dispersion. N, = 2.71 Li, 
Nm = 2.61, Np = 2.51, Na — Np = 0.20. Color yellow; streak 
lighter; pleochroic with X (or Y?) light sulphur yellow, Z deep yellow. 

often in clusters; uniaxial negative with N® * 1.650 ± 0.003 No, N, * 1.528 ± 0.003, 
No-“Ne*=o.i22d: 0.005 as measured by V. A. Vigfusson at the University of Wisconsin. 

• K. Spangenberg: Naturwiss.j XV, 1927, p. 266. 

^ P. Eskola: Am, Jour. Sci.^ CCIV, 1922, p. 331. 

^ Index measured by H. E. Merwin—personal communication, Mar. 25, 1931. 

Index and density measured by H. £. Merwin—personal communication, Mar. 25, 
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BeO is hexagonal with c = 1.63; crystals prismatic with distinct 
lolo cleavage. H. = 9. G. = 3. Insoluble in acid. Uniaxial pos¬ 
itive with No = 1.719, No = 1.733, No — No = 0.014. Color white. 
Recently found in nature and named bromellite.^ 

ZnO is hexagonal, hemimorphic, with c = 1.622 and perfect basal 
cleavage. Crystals often prismatic. H. = 4-4.5. ^ = 5.43-5.7. 

F. = 7. Soluble in HCl. Uniaxial positive “ with No = 1.984 C, 
2.004 D, 2.065 F, No = 2.000 C, 2.020 D, 2.081 F, No — No = 0.016 D. 
Color red, not pleochroic. Alters to zinc carbonate. The natural 
substance is called zincilc. 

CuO is monoclinic with a : b :c = 1.490 : i ; 1.360, jS = 80° 28'. 
Crystals lath-shaped, twiimed, with in and 001 cleavages. H. = 3-4. 

G. = 6.45. F. = 3. Soluble in HCl. The acute bisectrix (X) is 
nearly normal to plates in which Z is parallel with the elongation. Dis¬ 
persion p < V. N = 2.63 (red), 2.84 (white), 3.18 (blue), N* — N, = 
strong. Color and streak black to iron gray. Absorption very strong 
with Y < Z and Y = light brown, Z = nearly opaque brown. Made 
by oxidation of copper. The natural substance, called lenorite or 
melaconitc, is rare in the oxide zone of copper deposits. 

3. HYDROUS OXIDES OF DIVALENT ELEMENTS 

Sr(0H)2-8H20 is tetragonal with c = 0.64; crystals basal plates 
with 001 and no cleavages; twinning common on no, loi, or 210. 

G. = 1.885. Uniaxial negative with N„ = 1.499, = 1476, N<, — 

Ne = 0.023. Colorless. Made from solution. 

Ca(OH)2 is hexagonal with c = 1.40; perfect basal cleavage. 

H. = 2.5. G. = 2.23. Uniaxial negative “ with No = i-574, N, = 

I. 545, No — No = 0.029. Colorless. Reacts with clove oil. Formed 
by hydration of lime out of contact with CO2 (or the air). 

Ba(0H)2*8H20 is monoclinic with a : b : c = 0.999 • i • 1-278, 
= 81° 4'; crystals complex, more or less flattened parallel to 001 or 
elongated parallel to a. Perfect basal cleavage. G. = 2.08. The 
optic plane is normal to 010; X nearly normal to 001: (—) 2E = 20°, 
2V = 8° 33' Na, N, = 1.502, N» = 1.5017, Np = 1.471, N, - N, = 
0.031. Colorless. Made from H2O solution. 

* G. Aminoff: ZeiL KrysL, LXII, 1925, p. 113. 

®H. E. Merwin: Proc. Am. Soc, Test. Mat., XVII, 1917, Pt. 2. 

E. Posnjak and G. Tunell: Am. Jour. Sci.y XVIII, 1929, p. i. 

F. W. Ashton and R. Wilson: Am. Jour. Sa\, CCXIII, 1927, p. 209. 
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4 . ANHYDROUS OXIDES OF TRIVALENT ELEMENTS 

B2O3 glass ’ is isotropic with N = 1.4637 Na;^^ 1-459 ± 0.002 D.*-"* 
Colorless. Made from fusion. 

AS2O3 has two crystal phases.*^ One is isometric and octahedral 
or fibrous, with octahedral cleavage. H. = 1.5. G. = 3.71. F. = i, 
volatile. Isotropic with N = 1.748 Li, 1.755 Na. Colorless. Made 
by sublimation. The natural substance, called arsenolite, is an oxida¬ 
tion product of arsenic ores. 

The other phase of AS2O3 is monoclinic with a : b : c — 0.404 : i : 
0.345, /3 = 86° 3'. Crystals prismatic or 010 tablets with perfect 010 
cleavage. Twinning common on 100 or penetration t3T)e. H. = 2.5. 

G. = 3.85. F. = X, volatile. The optic plane is 010; Z A -|-6°; 
(-f-) 2V = 58°, p <v strong. Nff = 2.01, Nm = 1.92, Np = 1.87, 
Np — Np = 0.14. Colorless. Made from solution. The natural 
substance, called claudetilc, is an oxidation product of arsenic ores. 

AI2O3 has three crystal phases.^"’ The most stable phase is 
trigonal with c = 1.363. Crystals 0001 tablets 
limited by the rhombohedron (see Fig. 197). 
No cleavage, but may have basal parting. 

H. = 9. G. = 4. F. = 2050° C. Insoluble 
in acids. Uniaxial negative with No = 

I. 768, No = 1.760, No — No = 0.008. Also 
No = 1.7681 - 1.7714 C, 1.7715-1.7745 D, 1.7789-1.7818 F, No = 
1.7630-1.7667 (Melczer ***); N* = 1.7704-1.7813, No = 1.7619 — 
1.7726 (on artificial ruby). Colorless or tinted blue, red, etc., by 
impurities. Made from fusion. The natural substance, called 
corundum, is found in contacts, slates, etc. 

The second phase of AI2O3 is hexagonal in triangular plates with 
perfect basal cleavage. G. = 3.31. Stability relations unknown, but 
apparently monotropic. Uniaxial negative with No = 1.665-1.680, 
No = 1.63-1.65, No — No = 0.025-0.045. Colorless. 

The third phase of AI2O3 is isometric with G. = 3.47 and == 



J'lG. IQ 7. —A basal plate of 
AI2O3. 


Bedson and Williams: Ber. chem. Ges,, XIV, i88i, p. 2553. 

H. E. Merwin—^personal communication, Mar. 8, 1930. 

A. Des Cloizeaux: Comp. Rend,^ CV, 1887, p. 96. Indices of claud6titc from Larsen 
(U, S. G. S. BtUl. 679, 1921, p. 58), on natural crystals. 

Shepherd, Rankin and Wright: Am. Jour. Sci.^ CLXXVIII, 1909, p. 293. G. A. 
Rankin and H. E. Merwin: Am. Jour. ScL, CXCV, 1918, p. 301. 

Kryst.f XXXV, 1902, p. 561; see also R. Brauns: CerU. Min., 1926, A, p. 233. 
Ulrich: Min. Abst., Ill, 1926, p. 21. 

** Hansen and Brownmiller: Am. Jour. Set., CCXV, 1928, p. 229. 
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1.696. It may be prepared by heating precipitated alumina to 925° C. 
for some hours. Ignited alumina hydrogel has N = 1.68 (1.65-1.69). 
It is amorphous. It changes to corundum on heating for an hour at 
1000° to 1200° C. 

Fe203 has two or three crystal phases. The common phase is 
trigonal with c = 1.359. Crystals rhombohedral or basal plates. 
See Fig. 198. May have basal parting. H. = 5. G. = 5.2. F. = 
7. Soluble in HCl. Uniaxial negative with N„ > 2.95 Li, N, = 
2.74, No — N, = 0.21 +. Also 2 “ No = 3.01 Li, N* = 2.78, No — 
No = 0.23. By partial deoxidation (17.8 per cent FeO) No = 2.71 and 
(with 16.1 FeO) No — No = 0.16+. Deoxidation may be carried to 
31.8 per cent FeO. Color of crystals steel gray to iron black; color in 
mass, deep red in reflected light; opaque except in thin scales which arc 
blood red with X = yellowish red, Z = brownish red. Made in a 
steel bomb. The natural substance, called hematite, is common and 
widely disseminated. Hydrohematite or turgite is a fibrous variety of 
hematite with adsorbed water. G. = 4.5-5. 

Uniaxial negative with No = 2.5-2.7, N„ = 2.3- 
2.6, No — No = o.i to 0.2. Parallel extinction 
and negative elongation. Color lighter red than 
hematite. 

Fe203 inverts promptly at 678° C. and is 
said to invert also at — 40°C., but optic data 
on these forms are lacking. Fe203 is miscible with Cr203 in all 
proportions, and with AI2O3 to a limited extent. AI2O3 is miscible 
in Fe203 up to about 12 per cent, but very little Fe203 can enter 
the AI2O3 space lattice. 

Cr203 is trigonal with c = 1.377 Gr. = 5.2. Crystals equant 
prismatic to basal tablets. Twixming common especially on 0001. 
Distinct rhombohedral cleavage. Uniaxial positive with N = 2.5 ±. 
Green in thin plates. 



Fig. 198.—A basal 

plate of Fe20.3. 


5. HYDROUS OXIDES OF TRIVALENT ELEMENTS 

Fe203-H20 has two crystal phases; the common one is ortho¬ 
rhombic with a : b : c = 0.91 : i : 0.607. Crystals vertically striated 

R. B. Sosman and J. C. Hostetler: Jour. Am. Chem. Soc., XXXVIII, 1916, p. 807. 
*®H. E. Merwin: Proc. Amer. Soc. Test. Mat., XVII, 1917, pt. 2, 

E. Posnjak and H. E. Merwin: Jour. Am. Chem. Soc., XLIV, 1922, p. 1965. 

^^Comp. Rend., CLXXX, 1925, p. 1264. Am. Jour. Sci., CCXV, 1928, p. 230. 

* 3 p. Gaubert: C. R. Cong. Soc. Sav. Sci., 1925. Also H. E. Merwin: Proc. Am. Soc. 
Test. Mat., XVII, 1917, p, 2. 
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prisms to fibers with perfect oio and distinct loo cleavages. H. = 
5-5.5. G. = 4.3. F. = 5.5. Soluble in HCl. Dispersion of the 
optic axes is extreme so that the optic plane is 100 for red and 001 for 
yellow, green and blue in the common condition, and the mineral is 
uniaxial for light of wave-length 612 mix. See Figs. 199, 200. The 
acute bisectrix, normal to 010, is negative for all colors. Elongation 
positive. Pure material has: N, = 2.400 Na, Nm = 2.377 (612), 
2.394 Na, Np = 2.260, Np - Np = 0.140. Often impure, especially 
with water adsorbed in fibrous masses and then: Nm = 1-87 ( — 2.40), 
Nj — Np = 0.06 (—0.14). Color yellow with a > c > b. Made in a 
steel bomb. Impure aggregated material may be apparently isotropic 

with N = 2.00 ± to 
2.15 zfc. The natural 
pure substance, called 
goethite, is an oxidation 
product of iron minerals. 
The natural substance, 
limonite, seems to be 
goethite with adsorbed 
water. 

The second phase of 
Fe203-H20 {lepidocrocite) 
has not been produced 
artificially. 

Fig. 199. Fig. 200. AI2O3* 3^20j produced 

Fios. 199, 2 oo.-Optic orientation of Fe,0rH,0 for ^7 precipitating alumma 
blue and red, respectively. from solution,^* IS not 

the same as gibbsite, as 
shown by X-ray studies; it is faintly birefringent with N = 1.583, 
if dried at no" C., and with N = 1.55 if dried with alcohol and ether. 
Called bayerite by Biltz.^® 

A1203-H20, prepared by heating AI2O3-31120 to about 200" C. 
for 50 hours, is amorphous ** with N = 1.565. When prepared by 
hydrating AI2O3 in steam at 125 atmospheres it has G. = 3.06, 
N *= 1.65 and Np — Np = weak—^not like diaspore. 

“E. Posnjak and H. E. Merwin: Am. Jour. Set., CXCVII, 1919, p. 311, and Jour. 
Am. Chem. Soc., XLIV, 1922, p. 1965. 

« W. Biltz: ZeU. attorg. Chem., CLXXV, 1928, p. 249. 

** Van Nieuwenbuig and Peters: Rec. Trav. Chim. Pays Bos, XLVm, 1929, p. 27. 
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6. OXIDES OF TETRAVALENT ELEMENTS 


Sn02 has three crystal phases; the most stable is tetragonal with 
c — 0.672. Crystals acicular to columnar prisms (see Fig. 201) or 
nearly equant pyramids with distinct prismatic cleavage. Twinning 
on loi; see Fig. 202. H. = 6-7. G. = 6.8-7.i. Uniaxial positive 
with No = 1.9846 Li, 1.9968 Na, 2.0093 Tl, No = 2.0817 Li, 2.0929 
Na, 2.1053 Tl, No — No = 0.0961 Na. Color brown, red, gray, yel¬ 
low, colorless. Made 
in slags, etc. The 
natural substance, 
called cassiterik, is 
the important tin ore. 

Hexagonal and 
orthorhombic phases 
of Sn02 have been | ife 
produced, but not 
measured optically. 

Pb02 is tetrago- 
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202.—Geniculated twin in 
cassiterite, SnOj. 


mids; cassiterite— 
SnOj. 


nal with c 0.676. pjg 

Crystals latic diametral tetragonal 

with no cleavage. posms and pyra- 

G. = 8.56. Uniaxial 
negative with N = 

2.229 D. When made by fusion of lead oxide in potash the color is 
dark brown. The natural substance, called platlnerUe, is found rarely 
in the oxide zone of lead deposits. 

Si02 has several crystal phases.^* The high temperature phase is 
isometric in octahedral cubic or skeletal crystals with twinning on in. 

H. = 6-7. G. = 2.27-2.35 (Longchambon 2®), F. = 1710° C. Insol¬ 
uble in HCl. Isotropic above 200° to 275° C. with N == 1.486. Color¬ 
less. The high temperature phase has been called a-cristobalik or 
metacristobalite; it is stable above 1470° C. and metastable below that 
temperature. If inversion to tridymite at about 1470° C. does not 
occur during cooling, the substance inverts very easily to a tetragonal 
(?) phase (fi-cristobalik) at temperatures which show an unexplained 
variation from 275® to 220° C. on cooling and from 198° to 240® C. on 


Arzruni: Zeil. Kryst., XXV, 1895, p. 470. 

*• C. N. Fenner: Am. Jour. Set., CLXXXVl, 1913, p. 331. 
»» Comp. Rend., CLXXX, 192s, P- 1855- 
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heating. For a given crystal the inversion is at a fixed temperature, 
but for other crystals it seems to depend upon previous heat treatment. 
0 -Cristobaliie is uniaxial negative with No == 1.487, N* = 1.484, 
No — Nf = 0.003. Complex lamellar twinning is common. Color¬ 
less. Made from fusion. A rarity, resulting from rapid cooling, in 
volcanic rocks. 

The moderate temperature phase of Si02, called tridymilc, is hex¬ 
agonal above 117° (with c = 1.653) and orthorhombic below that 
temperature, with a :b : c - 0.577 • i • 0.954. It is the stable phase 
of silica between 870® and 1470® C.; it inverts to quartz below 870° 
and to cristobalite above 1470°, but these changes are very sluggish 
and tridymitc may exist for long periods as a metastable form. This 
has permitted the measurement of the fusing point (1670° C.) and the 
study of the mineral at ordinary temperatures. Tridymite inverts on 
heating to a phase called ^i-iridymite at 117° C., and to another phase 

called ^2‘tridymite at 163° C. 
Both these phases are hexag¬ 
onal and uniaxial, the change 
at 163° C. being perhaps from 
hemihedral to holohedral sym¬ 
metry. On cooling the inver¬ 
sions show some lag. Crystals 
Fig. 203.—Optic orientation of Si02, tridymite. of tridjmilte are usually six- 

sided basal plates with common 
wedge-like twinning. Basal plates often show twinning on no in 
sectors as in aragonite and cordierite, the optic plane being normal 
to the external boundary. Indistinct prismatic cleavage and basal 
parting. H. = 7. G. = 2.27. Soluble in boiling Na2C03. Tridy¬ 
mite below 117° C. has the optic plane parallel with 100 and the 
positive acute bisectrix normal to 001. (See Fig, 203.) (+) 2V = 

35 °y = 1473 Na, Nm = 1469, Ny = 1469, N^, — Np = 0.004. 
Nm == 1477 (Longchambon^^), Colorless. Made from fusion with 
fluxes. Known in lithophysa} of volcanic rocks and in meteorites. 

The low temperature phase of Si02 is the very common substance 
known as quartz. Crystals hexagonal with c = 1.09997, usually pris¬ 
matic terminated by two rhombohedrons, often twinned. Cleavage 
absent or very difficult; rhombohedral cleavage may be obtained by 
sudden cooling which indicates that this cleavage pertains to the high 
temperature phase of quartz only. H. = 7. G. = 2.65. F. = 7. 
Insoluble in acids except HF; difficultly attacked by alkalies. Uniaxial 
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positive with No = 1.5419 C, 1.5442 D, 1.5497 F, N* = 1.5509 C, 
1.5533 D, 1.5590 F, Ne — No = 0.0091. Indices very constant in 
natural as well as artificial crystals. The refringence decreases very 
slowly with increase of temperature. The birefringence likewise 
decreases slowly with increase of temperature, but only to 572° C.; at 
that temperature there is an abrupt change, and the birefringence 
thereafter increases. At 572° C. quartz undergoes a reversible inver¬ 
sion from the ordinary trigonal trapezohedral symmetry to hexagonal 
trapezohedral symmetry, the change involving a 2 per cent increase of 
volume. Quartz which was formed above 572° C. and has inverted 
on cooling can be distinguished from quartz which has never been at 
that temperature by the following features: 

(i) Crystal form the presence of the trigonal trapezohedron or 
other evidence of tetartohedrism being proof of the low temperature 



Fig. 204.—crystal habit of low tempera¬ 
ture quartz. 



Fig. 205.—A crystal habit of high tempera¬ 
ture quartz. 


form, as in Fig. 204. Simple rhombohedral (pseudocubic as in Fig. 
205) rather than prismatic rhombohedral habit is an indication of the 
high temperature form. 

(2) Character of the twinning, especially as shown by etch figures 
on the basal pinacoid; in the low temperature form the twinning is 
simple and regular; in that which has inverted, it is irregular in small 
patches bearing no relation to the crystal form. 

(3) Intergrowths of right- and left-handed quartz are more fre¬ 
quent and more regular in the low temperature form. 

(4) Inversion produces a shattering due to a distinct change of 
volume. 

Quartz tmdergoes a second inversion at 870° C to tridymite and a 
third at 1470® C. to cristobalite, but these are very sluggish and occur 
“F. E. Wright: Am. Jour. Sci., CLXXVII, 1909, p. 438- 
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only under especially favorable conditions. The reverse changes are 
possible, but are equally sluggish. 

Si02 glass has G. = 2.19; isotropic with N = 1.4588. The natural 
substance, called lechatelierite, is produced when lightning strikes quartz 
sand and fuses tiny tubes {fulgurites) in it. Ignition of silica hydrogel 
or chemically precipitated silica changes it to cristobalite with N = 
1.48-1.485. 

A fibrous variety of Si02, called chalcedony, has the same crystal 
structure as quartz,-"** but has H. = 6 and G. = 2.55-2.63, apparently 
with No = 1.537 (I- 533 -I- 539 )) = 1.530, N„ - N„ = 0.007, but 

the sign is uncertain and the substance may be biaxial, since the fibers 
in some cases seem to have ± elongation, parallel to Y, or extinction 
inclined at 29°. 

Se02 is tetragonal or hexagonal when crystallized in selenium. 
G. = 3.96. Acicular. Uniaxial and positive. N > 1.76, N« — No= 
strong. Another phase is monoclinic. 

Ge02 crystallizes from aqueous solution in forms which are appar¬ 
ently orthorhombic; when prepared by hydrolyzing GeCU with 
water®® Ge02 has N = 1.650 Na. When fused to a glass Ge02 
has G. = 3.638, H. = 4.5-5, and N = 1.6030 C, 1.6070 D, 1.6176 F. 
Colorless. 

7. OXIDES OF TRIVALENT AND MONOVALENT ELEMENTS 

LiA102 forms hexagonal or octagonal plates or (rhombic?) grains®-’’ 
withG. = 2.554andNi = 1.604, N2 = 1.615, Nb — Np = 0.012. No 
interference figure seen. Colorless. Made from fusion and melts at 
I900‘’-2000® C. 

8. ANHYDROUS OXIDES OF TRIVALENT AND DIVALENT ELEMENTS 

The compounds of this division (and the next) may be considered 
aluminates, ferrites, chromates, etc., of magnesium, iron, zinc, or man¬ 
ganese, but the corresponding acids are hypothetical and X-ray work 
suggests that these substances are double oxides. 

MgAl204 is isometric in octahedral crystals (see Fig. 206), some- 

Washburn and Navias: Proc. Nat. Acad. Sci., VIII, p. i. 

**L. T. Brownmiller: Am. Mineral.^ XII, 1927, p. 43. 

**L. M. Dennis: Jour. Phys. Chem.f XXX, 1926, p. 1510. 

F. M. Jaeger and A. Simek: Proc. Akad. Wet. Amst.y XVII, 1914, p. 268. 

Weyberg: Cent. Min., 1906, p. 645, 

G. A. Rankin and H. E. Merwin: Jour. Am. Chem. Soc., XXXVIII, 1916, p. 56^ 
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times modified by i lo. Twinning common on 111. Cleavage parallel 
to III, quite indistinct. H. = 8. G. = 3.6. F. = 2135° C. Slowly 
soluble in H2SO4. Isotropic with N = 1.73. The pure substance 
has N == 1.7161 (623), 1.7190(578), 1.7322(436). It may take as 
much as 75 mol. per cent AI2AI4O9 (to 25 per cent Mg2Al408) in crys¬ 
tal solution and then N = 1.7261 (623), 1.7288 (578), 1.7428 (436). 
With about 50 mol. per cent A12A1409, N = 1.723 Li, 1.727 Na, 
1.736 Tl. With 9 per cent MgFe204 in crystal solution N = 1.76 Na. 
Apparently Si02 may enter into crystal solution in MgAl204 in 
limited amount; then N may be as low as 1.718. Colorless or blue or 
red from impurities; blue varieties are said to have an index higher 
than red types.-^’* Pure spinel glass*® has N = 1.67-1.68. Spinel is 
often birefringent from strain. Made from fusion for use as a gem. 

ZnAl204 is isometric *® in octahedral 
crystals, sometimes modified by no or 100. 

G. = 4.58. N = 1.805. Colorless. 

C0AI2O4 is isometric with N > 1.78 red, 

N = 1.74 blue. This is the “cobalt blue” 
pigment of commerce. 

MgFe204 is isometric and granular or 
octahedral without cleavage. Dissociates 
somewhat at high temperature and begins 



to melt at 1750° C. G. = 4.6. Soluble in 


Fig. 206. 


—A crystal habit of 
MgAl204. 


HCl. Isotropic with N = 2.34 ± 0.02 Li, 

2.39 Na; the index varies about ± 0.02, due to crystal solutions. 
Color red. 

ZnFe204 is isometric with octahedral crystal habit. G. = 5.3. 
Isotropic** with N = 2.31 ± .02 Li. 

CdFe204 is isometric** with G. = 5.8. Isotropic with N = 2.39 
± .02 Li. 

Ca3Al206 is isometric *2 with poor in or no cleavage and H. = 6. 
It dissociates at 1535® C. Isotropic with N = 1.710 Na. Colorless. 
Formed from the glass at about 1500° C. It can take about 2 per cent 
FeaOa in crystal solution ** replacing AI2O3; then it has N = 1.715. 


F. Rinne: N, J. Min,^ LVIII, A, 1928, p. 43. 

R. Brauns: Cent. Min., 1927, A, p, 265. 

P. Gaubert: Bull. Soc. Fr. Min., L, 1927, p. 504. 

P. Gaubert: C. R. Cong. Soc. Sav. Set., 1925. 

E. Posnjak: Am. Jour. Set., CCXIX, 1930, p. 67. H. E. Merwin: Am. Jour. ScL, 
XXI, 1931, p. X4S. 

*• G. A. Rankin and F. E. Wright: Am. Jour. Set., 189, 1915, p. i. 
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Ca5Al60i4 is isometric with no distinct cleavage. H. => 5. F. * 
1455° C. Isotropic with N = 1.608 Na. Colorless. The glass has 
N = 1.662.*^ Formed from fusion. It can take about 2 per cent 
Fe203 in crystal solution,1® replacing AI2O3; then it has N = 1.613. 
An unstable phase is fibrous and probably orthorhombic with H. = 5. 
The optic plane is parallel to the negative elongation. (—?) 2V = 
large. N, = 1.692, Nm = ?, Np = 1.687, N, — Np = 0.005. Usually 
green with X = blue green, Z = olive green and X < Z. 

CaFe204 is tetragonal or hexagonal.'*’* It dissociates at 1216° 
C. Crystals long acicular. Unia.xial negative with No = 2.465 Li, 
2.58 Na, No = 2.345 Li, 2.43 Na, N., — N, = 0.15 Na. Color black 
in mass and deep red in powder like hematite. Formed from 
the glass at 1190° C. It may take as much as 10 per cent 
CaAl204 in crystal solution;^'* then it has No = 2.25 Li, No 2.13, 
No — Ne = 0.12. 

CasAlioOis is probably tetragonal;^* no distinct cleavage and crys¬ 
tals equant. H. = 6.5. Fuses at 1720° C. Unia.xial positive with 
No = 1.617, No = 1-652, No — No = 0.035. May be slightly biaxial. 
Colorless. Formed from fusion. An unstable phase is probably 
orthorhombic in prisms with prismatic cleavage. H. = 5.5-6. The 
optic plane is parallel to the positive elongation. (—) 2V = S5°, p > v 
strong. No = 1.674, Nm = 1-671, Np = 1.662, Np — Np = 0.012. 
Colorless. Formed from the chilled melt. 

4Ca0-Al203-Fe203 forms prismatic grains*'" with a very small 
extinction angle. G. = 3.77. Shows some multiple twinning. Fuses 
at 1415° C. ( —) 2V = moderate. N, = 2.04 Li, 2.08 (578), Nm = 
= 2.01 Li, 2.05 (578), Np = 1.96 Li, 1.98 (578), Np — Np = 0.08 
Li, 0.10 (578). Marked color with X = yellow-brown, Z = brown. 
Forms a complete series of crystal solutions with 2Ca0-Fe203 with a 
narrow melting range. May take a little MgO (less than 1 per cent) in 
crystal solution, which makes the color darker and almost opaque 
for Z. 

Ca2Fe20s is of low s)nnmetry;** it dissociates at 1436° C. to CaO 
and liquid; no crystals nor cleavages found, (-f) 2V = moderate. 
Np = 2.29 Li, Nm = 2.22 Li, Np = 2.20 Li, 2.25 Na, Np — Np = 0.09 
Li. Color black; yellowish brown in section with X > Y = Z. 
Formed from the glass at 1000-1400° C. 

Is this an error for 1.562? 

** R. B. Sosman and H. E. Merwin: Jour. Wash. Acad. Sci.y VI, 1916, p. 532. 

^ Hansen, Brownmiller and Bogue: Jour. Am. Chem. Soc., L, 1928, p. 396. 
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CaAl204 is orthorhombic or monoclinic.^® Prismatic to fibrous. 
Distinct no cleavage. Pseudohexagonal twinning on 130. G. = 3.67. 

H. = 6.5. F. = 1600° C. Soluble in HCl. Attacked by water. 
The optic plane is 010; X = c. (—) 2V = 36° (56° Carstens). = 

I. 663, N„ = 1.655, Np = 1.643, - Np = 0.020. Colorless. 

Formed from fusion. It may take as much as 15 per cent CaFe204 in 
crystal solution then it has N, = 1.72 ±, Nm = ?, Np = 1.70 ±, 
Np - Np = 0.02 ±. 

9. HYDROUS OXIDES OF TRIV.tLENT AND DIVitLENT ELEMENTS 

CaaAlzOo • 6H2O is stable from 25° C. to 100“ C. It is isometric 
with G. = 2.52. Crystals trapezohedral,^^ as shown in Fig. 207, or, 



Fig. 207. —Trapezohedral crystals of Ca8Al206• 6H2O. Photomicrograph by 
Dr. V. A. Vigfusson. 

less commonly, cubic or dodecahedral. Isotropic with N == 1.604 
Colorless. 

Ca3Al20o*8~i2H20 is hexagonal *^ in basal plates, needles or 
spherulites. Uniaxial negative. Colorless. Water content variable; 

G. A. Rankin and F. E. Wright: Am. Jotir. 5 c/., CLXXXIX, 1915, p. i. G. A. 
Rankin: Jour. Am. Chem. Soc.j XXXVIll, 1916, p. 568. C. W. Carstens: Zeit. Kryst., 
LXIII, 1926, p. 473. 

“^ 7 '. Thorvaldson, N. S. Grace and V. A. X’igfusson: Can. Jour. Rts.^ 1, 1929, p. 201. 
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with 8H2O, G. = 2.13, N„ = 1.538 D, N* = 1.520, N„ — N« = 0.018. 
With 10.5 H2O, G. = 2.04, No = 1.530, Ne = 1.510, No — No = 
0.020. With 12H2O, No = 1.527, N« = 1.505, No — No = 0.022. 

4CaO • AI2O3 • 12H2O fonns plates or needles with positive elonga¬ 
tion. Nj = 1.532, Nm = ?, Np = 1.505, Nj — Np = 0.027. Colorless. 
[Apparently the same as Ca3Al20c • 12H2O — A.N.W.j 

VI. CARBONATES 

This division includes all artificial carbonates whose optic proper¬ 
ties have been measured. Nitrates are added because some of them 
are crystallographically very similar to carbonates. Finally, nitrites 
and also chlorates, bromates and iodates are included. 

1. ANHYDROUS CARBONATES OF MONOVALENT BASES 

NaLiCOs is hexagonal * in prismatic crystals. Uniaxial negative 
with No = 1.538, Nc = 1.406, No — No = 0.132. Colorless. 

NH4HCO3 is orthorhombic with a :b : c = 0.673 • ^ • 0.400. 
Crystals equant to columnar prismatic with very perfect no cleavages 
at 68°. H. = 1.5. G. = 1.57. F. = 5.5, but largely volatile. The 
optic plane is 010; X = a. ( —) 2V = 41° 38', p < v, weak. Np = 
1.5545, Nm = 1.5358, Np = 1.4227, Np — Np = 0.1318 Na. Colorless. 
Made from H2O solution in closed vessels. The natural substance, 
called leschetnacherile, occurs in guano deposits. 

KHCO3 is monoclinic with a :b : c = 2.677: i : 1.312, /3 = 76°35'. 
Crystals orthodomatic (loi, 001, 201, 100, no) or 001 tablets with 
100, 001 and 101 cleavages. G. = 2.16. F. = easy. Soluble in 
water. The optic plane is 010; XAc = -f30°. ( —) 2V — 8i§°. 
Indices^:—N, = 1.569 C, 1.578 D, 1.581 F. N,» = 1.479 + C, 
1.482 D, 1.487 -I- F, Np = 1.379 C, 1.380 D, 1.383 F, Np - Np = 
0.193. Colorless. Made by adding CO2 to a solution of K2CO3. 
The natural substance, called kalicinite, is very rare. 

NaHCOs {baking soda) is monoclinic with a : b : c = 0.765 : i ; 
0-358, P = 86° 41'. Crystalsoio tablets bounded by no, in, and nT, 
see Fig. 208, often twinned on loi; perfect loi, distinct in and imper¬ 
fect 100 cleavages. G. = 2.22. The optic plane is 010; X A elong. 

S. Wells: Bur. Stand. Jour, Res. I, 1928, p. 951. 

'W. Eitel and W. Skaliks: Zt. anorg. Chem., CLXXXIII, 1929, pp. 263-286; W. 
Skaliks: Verh, k. Wilhelm Inst. Silikatfor.^ Ill, 1930, Anhang. 

*H. E. Merwin: Int. Crit. Tab,, VII, 1930, p. 27. 
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= +20° (Larsen); XAc = + 27.5° (Robson).* This extinction 
angle being about half the angle between the c axes in loi twins, the 
substance may be recognized by the peculiar condition that both parts 
of the twin go to extinction simultaneously (Robson*). (—) 2V = 
7S°; p > p. Na = 1.586, Nm = 1.500. N,-. = 1.380, - Np = 0.206. 



Fig. 208.— A crystal habit Fig. 208a.—Draw- 
of NaHCOa. ings of NaHCOs crys¬ 

tals from a photo 
micrograph made by 
R. B, MacMullin. 



Fig. 208b. —Optic orientation or 
NaHCOj twin. 


(Larsen); N, = 1.582, N„. = 1.500, Np = 1.376, — Np = 0.206 

(Merwin).*“ Colorless, white. The natural substance is rare; it has 
been named nahcolile.* 

Na2C03 from fusion shows lamellar twinning."*” ( —) 2V = 34° ± 
3°, Np = 1.546, N„ = i.535> Nj = 1 - 4 * 5 ' N, - Np = 0.131. Colorless. 

E!2C03 from fusion shows lamellar twinning with very oblique 
extinction.^” (-) 2V = 35° ± 5°, N, = 1.541 =fc .002, N„ = 1.531 
± .002, Np = 1.426 ± .004, Np — Np = 0.115 ± .006. Colorless. 

Li2C03 is monoclinic with a :b : c = 1.672 : i : 1.244, — 65“ 35'. 

Crystals prismatic with perfect 001 and distinct loi cleavages. Com¬ 
mon twinning on 100. G. = 2.1. Soluble in water. The optic plane 
is normal to 010; X A c = nearly 0°. (—) 2E = 24° ±; 2V = 

15° ±; Np == 1.572, N„ == 1.567, Np = 1.428, Np - Np = 0.144 Na. 
Colorless. Made from fusion or by heating a saturated solution. 

H. L. Robson: personal communication, Dec. 3,1930. 

^ Personal communication, Mar. 25,1931. 

* F, a. Bannister; Mineral, Mag,, XXII, 1929, p. 60. 

*** Properties determined by H. E. Mcrwin; personal communication, Mar. 25, 1931. 



200 


ARTIFICIAL INORGANIC SOLID SUBSTANCES 


2. HYDROUS CARBONATES OF MONOVALENT BASES 


Na2C03-H20 is orthorhombic with a : b : c = 0.827 : i : 0.809. 
Crystals varied, 100 or 001 tablets or columnar parallel to a with 
difficult 010 cleavage. H. = 1.5. G. = 2.26 (Pabst). F. = 1.5. 
Soluble in water. The optic plane is 001; X = o (Lacroix ); X — h 
(Merwin).'*” ( —) 2V = 48°, p < v weak. Nj = 1.524, Nm = 
1.506, Np = 1.420, N„ — Np = 0.104 (Larsen); Ng = 1.525, N™ = 
1.509, Np = 1.420 (Merwin).^" Colorless or white. Made from H2O 
solution at about 50° C. The natural substance, called thermonatritc, 
is an efflorescence in arid regions. 

Ag2C03-4NH3-H20 is orthorhombic with a : : c = 0.577 : 1 : 

0.768, and pseudohexagonal. Crystals prismatic or pyramidal. Per¬ 
fect 010 and 021 cleavages with distinct 001 and no partings. Twin¬ 
ning on no very common. The optic plane is 010; Z = c. (-f) 
2E = 17°, (2 V = 10°), p <v strong, the substance being uniaxial in 
the extreme red and having 2K = 56° for 455 
mp. Np = 1.68, Np = 1.66, Np — Np = 0.023 
Na (Np — Np = 0.0175 for 435 Color¬ 

less. Unstable in air. 

Na2C03-2|H20 is orthorhombic with 
a : b : c = 0.794 : i : 0.439. Crystals acicular 
prismatic (often in sheaves) terminated by a 
pair of planes making an angle of 134°. G. = 2.05. Negative elonga¬ 
tion with X = c. ( —) 2V = large.® Np = 1.547, N,„ = 1492, Np = 
1.435, Np — Np = 0.112. Colorless. Formed from evaporation of 
H2O solution of Solvay soda at 18° to 25° C. 

Na2C03-ioH20 is monoclinic with a : b : c = 1.483 : 1 : 1.400, 
/3 = 58° 52'. Crystals 010 tablets with distinct 001 and imperfect 
010 cleavages. Twinning on 100. H. = 1-1.5. G. = 1.46. F. = 1. 
Dehydrates very easily. The optic plane is normal to 010; Z A c= + 4 i°- 
(_) 2V = 71°, p > V weak with weak crossed dispersion. N, = 
1.440, No, = 1.425, Np = 1.405, Np — Np = 0.035. Colorless. Made 
from H2O solution. The natural substance, called natron, is very 
rare. 

• HNa3(C03)2‘2H20 is monoclinic ^ with a:b:c = 2.843 = r : 



Fig. 209.—A crystal habit 
ofHNa 3 (C 03 ) 2 - 2 H 20 . 


® BuU. Soc, Fr. Min,y XLVI, 1923, p. 20. 

® A. Pabst: Am. Mineral.y XV, 1930, p. 69. Larsen’s data for “ trona” from Vesuvius 
may apply to this substance—see U. S. Ged. Surv. Btdly 679, 1921, p. 146. 

^ Data of Zepharovich given above, Buttgenbach (Ann. Soc. Geol. Be/g., XLTI, 
1919, p. 93) gives: Z Ac = 43° and between 0.035 ooSS- 
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2.949, P ~ 76® 31'. Crystals oox tablets or elongated parallel to b 
with perfect 100 cleavage, as in Fig. 209. H, =3. G. = 2.13. 
F. = 1.5. The optic plane and X are normal to 010; Y A = +6®. 
(-) 2V = 72®, p < V marked. Nm = 1.507, — N;, = strong. 

Colorless. Made from H2O solution containing much NaCl and 
Na2S04 at 50^-85® C. The 
natural substance, called 
trona, is an efflorescence or 
lake deposit in very arid 
regions. 

3 . ANHYDROUS CARBONATES 
OF DIVALENT BASES 

CaCOa has three crystal 

phases, the most stable Figs. 210, 211.— Crystalhabitsof CaCOa, caldte. 
low temperature phase is 

trigonal with c == 0.854. Crystals A^aricd, often rhombehedral 
with perfect loTi cleavage. See Figs. 210 and 211. H. = 3. G. = 
2.71. F. = 7, but dissociates at 900® C. Under jiressure of no 
atmospheres or more of CO2, CaCOa fuses at 1290® C. Soluble in 
cold HCl with effervescence. Uniaxial negative with No = 1.O544 C, 




1.6585 D, 1.6678 F, N,. = 1.4846 
C, 1.4864 I), 1.4908 F, No - N. = 
0.1721 D. Colorless. Made from 
the bicarbonate solution at ordi- 
naiy^ temperature. The natural 
substance, called calcite, is not 
only the chief constituent of lime¬ 
stone and marble, but also com¬ 
mon in veins and, as an alteration 
product, in igneous rocks. 

Another phase of CaCOa is un¬ 
stable at all temperatures (above o® 
at least), but may persist for long 
periods at ordinary temperature as 


a metastable form (X-CaCOa). It is orthorhombic with a :b:c- 


0.623 : I : 0.720. Crystals prismatic to fibrous with distinct 010 and 


no cleavages. Twinning on no as in Fig. 213 often in pseudohexag- 


* J. Johnston, H. E. Merwin and E. D. Williamson: Am, Jour. Sci.y CXCI, 1916, p. 
473. Also H. E. Merwin: personal communication, Mar. 8,1930. 
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onaJgroups, asinFig. 214. 11 = 3.5-4. G. = 2.88. Very soluble in 
cold HCl with effervescence. The optic plane is 100: X = c. (—) 
2V = 18° 11' Na, p <v weak. N* = 1.6815 C, 1.6854 D, 1.6947 F, 
Nm = 1.6772 C, 1.6810 D, 1.6910 F, Np = 1.5279 C, 1.5300 D, 1.5346 
F, Np — Np = 0.1554 D. If made from a solution containing sul¬ 
phate it is impure and then: N, = 1.650 — 1.673, Np = 1.510 — 
1.520. A similar substance is reported from the interaction of CaCl2 
and Na2C03. Colorless. Made from bicarbonate solution at about 
90° C. The natural substance, called aragonite, is the chief constit¬ 
uent of many shells and is found in lake deposits, etc. 

The least stable phase of CaCOs, known as ju-CaCOs, is hexagonal 
with G. = 2.54, as determined on aggregates. Crystals basal plates 
or aggregates. Uniaxial positive with No = i-550> N« = 1.650, 




no 


sis 




Fig. 213.— CaCOa, aragon¬ 
ite twinned on no. 



Fig. 214.—Cross section of 
pseudohexagonal twin of 
CaCOa, aragonite. 


00/ 


OW 



Fig. 215.— Optic orienta¬ 
tion of CaCOa, aragonite. 


N. — Np = o.ioo. Colorless. Aggregates may form which give an 
apparently biaxial interference figure with 2E = 35°-4o“, and the 
optic plane parallel to the external sides of the triangular groups. 
In such aggregates the indices seem to be about o.oi lower than their 
true values. The occurrence of this form in nature is doubtful. 
“ Vaierik ” is perhaps a spherulitic variety of p,-Ca,COz. 

PbCOs is orthorhombic with a :b : c = 0.610 : i : 0.723. Crys¬ 
tal habit prismatic. Twinning common, sometimes pseudohexagonal 
on no. Distinct no and 021 cleavages. H. = 3-3.5. G. = 
6.57. F. =» 1.5. Soluble in dilute HNO3 with effervescence. The 
optic plane is 010 and the acute bisectrix X is parallel with the pris- 

• Jour. Geol. Soc. Tokyo, XXXVI, igsg, p. 7. 
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matic elongation.*® (—) sV == 8® 34' (natural crystal), N» = 2.08, 
Nm = i-8i ±, Np = 1.80, Nj — Np = 0.28. Colorless. Often pres¬ 
ent in commercial “ white lead.” The natural substance is called 
cerussite. 

4. HM)ROUS CARBONATES OF DIVALENT BASES 

Pb3(0H)2(C03)2 is hexagonal in basal plates with c — 1.419. 
Soft. Perfect 0001 cleavage. G. = 6.14. Soluble in dilute HNO3. 
Uniaxial negative*® with No = 2.09, N, = 1.94, No — No— 0.15. 
Colorless. This is the pigment called “ white lead.” The natural 
mineral is called hydrocerussite. 

MgC03-31120 is orthorhombic with a :b :c = 0.645 : i ; 0.457. 
Crystals long prismatic, vertically striated, with perfect no and 
poor 001 cleavages. H. = 2.5. G. = 1.85. Soluble in cold HCl with 
effervescence. The optic plane * * is 001; X = a. Optic axes nearly 
normal to no cleavages. ( —) 2V = 53°, p > weak. N, = 1.526 
Na,*2 Nm = 1.501, Np = 1.412 (corrected),'* N^ — Np = 0.114. 
Ballo'-’gives N = 1.474 to 1.557. Colorless. The natural substance, 
called nesquehonite, is found rarely in coal mines. 

CaC03-6H20 is monoclinic with a : b : c = 1.02 : i : ?, /3 = 72°? 
Crystals basal plates or stout prisms. G. = 1.75 (1.82?) The optic 
planeis 010; ZAc = + 17° with distinct inclined dispersion. 
(-) 2V = 38®, N« = 1.545, Nm = 1.535, Np = 1.460, Np - Np = 
0.085. Colorless. Formed at 0° C. from H2O solution containing 
KOH; changes to calcite easily. 

CaC03-5H20(?) is formed*^ (by partial dehydration?) from 
CaCOa - 6H2O at room temperature. Formed under ether the indices 
areNp = 1.605, Np = 1.530, N* — Np = 0.075; formed under benzol, 
the indices are N, = 1.63, N, = 1.54, N, — Np = 0.09; changes to 
calcite very easily. 

MgCOa-sHaO is monoclinic *® with a :b :c = 1.632 : i : 0.968, 
0 = 78° ii'. Crystals stalactitic with distinct 001 cleavage. H. = 
2.5. G. = 1.73. Soluble in cold HCl with effervescence. The optic 
plane is normal to 010; Z Ac — small, (-h) 2 V = 60° 37', N® = 1.508 

E. Merwin: Proc, Am. Soc. Test. Mat.^ XVIIj 1917, Pt. 2. 

G. C6saro: BvU. Acad. Roy. Cl. Sci.y Bruxelles, igio, p. 234. 

” S. L. Penfield: Am. Jour. Sci., CXXXDC, 1890, p. 121. 

*3 Mineral Ahst., 1 ,1922, p. 317. 

E. Merwin: Am, Jour. Sci., CXCI, 1916, p. 492. 

G. C6saro; Bull. Acad. Roy. Cl. Sci., Bruxelles, 1910, p. 234. E. Poitevin: Am. 
Mineral., IX, 1924, p. 225. 
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(calc.), Nm = 1.470, Np = 1.457 (calc.), Np - Np = 0.051 (calc.). 
Colorless. The natural substance, called lansfordite, occurs rarely as 
stalactites in coal mines. 

5. ANHYDROUS CARBONATES OF DIVALENT AND 
MONOX’ALENT BASES 

Na2Ca(C03)2 i.s hexagonal' in basal plates with perfect basal 
cleavage. G. = 2.54. Fuses at 812° C. in CO2 gas. Uniaxial nega¬ 
tive with No = 1.547, No = 1.504, No — No = 0.043. May be 
biaxial of small optic angle under strain. Stable in air. Colorless. 

K2Ca(C03)2 is hexagonal ^ in basal plates with distinct basal 
cleavage. G. = 2.465. Fuses at 813° C. in CO2 gas. Uniaxial nega¬ 
tive with No = 1.530, No = 1.48 ±, No — No = 0.05 ±. Colorless. 

Na 2 Mg(C 03)2 is hexagonal ^ with c = 3.33 and distinct prismatic 
cleavage. G. = 2.734. Fuses at 677° C. under a pressure of 1240 
kg/cm.- Uniaxial negative with No = 1.5Q4. N,. = 1.54, No — N,. = 
0.054, Colorless. 

K 2 Mg(C 03)2 is probably hexagonal ' with prismatic cleavage. 
G. = 2.671. Uniaxial negative with N„ = 1.597, N'- = i-47, N# — 
No = 0.127. Colorless. Forms a glass from fusion which has 
G. = 2.39 and N = 1.496. 

6. CARBONATES OF HEXAVALENT AND DIVALENT BASES 

(NH4)4U02(C03)3 is monoclinic with a : b : c = 0.964 : i : 
0.867, 0 43'' Crystals prismatic with perfect oor cleavage. 

G. = 2.77. (-) 2V ?, N'p = 1.625, N„ = ?, N'„ - N'p = 0.025. 

Color yellow. 

7. lODATES, BROMATES AND CHLORATES " 

NaClOs is isometric and tetartohedral; crystals cubic or tetra¬ 
hedral in habit without cleavage. See Figs. 216, 217. Penetration 
twins common on 100, as in Fig. 218. G. = 2.49. Soluble in water. 
Isotropic with N = 1.5127 C, 1.5151 D, 1.5216 F. Rotates the plane 
of polarization for i mm. of thideness 2.3° B, 3.1° D, 4.6° F. Color¬ 
less. Formed from H2O solution. 

NaBrOs is isometric and tetartohedral; crystals tetrahedral, etc. 

Optic data from Bolland {SUz, Akad, Wiss. Wien, CXIX, 1910, p. 275), measured on 
^^ammonium uranium carbonate” of unknown formula. 

Recent X-ray work affords a suggestion that chlorates, and presumably bromates 
and iodates, are crystallographically closely related to halides. 
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G. =* 3.3. Soluble in water. Isotropic with N = 1.6117 for 672 m/i, 
1.617 for 579m/i; 1.6268 for 492 ihm; N = 1.5943 Na (Craw);*” 
some crystals more or less birefringent under certain conditions. All 
crystals rotate the plane of polarization, a thickness of r mm. pro- 




Fio. 218.—Penetration spi¬ 
nel twin of NaClOs- 


ducing a rotation of 1.4° B, 2.1° D, and 3.75° F. Colorless. Formed 
from H2O solution. 

Mg(Br 03 ) 2 - 6 H 2 O IS isometric and octahedral with G. = 2.29 and 
N = 1.5139 Na. 

ZnfBr03)2*6H20 is isometric and octahedral with Ch = 2.51 and 
N = 1.5452 Na. 

AgBrOa is tetragonal with c = 0.941. Crystals columnar pris¬ 
matic or pyramidal with imperfect no cleavages, G. = 5.1-5.2. 
Uniaxial positive with N,, = 1.8466 Na, 1.860 (green), N,; = 1.920 Na, 
1.9405 (green), N,. -** N„ = 0.0734 Na. Color white. 

KIO4 is tetragonal, forming pyramidal crystals with G. = 3.62. 
It is stable to 200° C. but loses oxygen at 300° to form KIO3. Uniaxial 
positive with N<, = 1.6151 C, 1.6205 D, 1.6346 F, N, = 1.6416 C, 
1.6479 D, 1.6651 F, Np — No = 0.0274 D. 

Ba(C104)2 -31120 is hexagonal.*”* Crystals prismatic, hygroscopic. 
Uniaxial negative with No = t.5330, No = 1.5323, N„ — N<. = 0.0007. 

00(0104)2-61120 is hexagonal. Crystals long prismatic. Uni¬ 
axial negative with N = 1.55 ±, N* — No = 0.018. Color pink with 
X = deep pink, Z = pale pink, slightly yellowish. 

Ni(0104)2 -6H20 20 is hexagonal. Crystals long prismatic. Uni- 

>» N. Jakrb. Min. Beil. Bd. XXIX, 1910, p. 64. 

Zeit, phys. Chem.j XIX, 1896, p. 276. 

E. Merwin: Int. Crit. Tables^ VII, 1931, p. 27. 

P. WulflE: ZeU. Kryst., LXXVII, 1931, P- 84- Groth gives for the salt with aHrf) 
c ~ 1.328; crystals prismatic with negative very weak birefringence—^probably the same. 

Sabot: Bull. Soc. Fr. Min.^ XXXIV, ign, p. 144. 
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axial negative with N = 1.55 d=, N* — N. = 0.016. Color greenish 
blue with X = dark bluish green, Z = green. 

81(0103)2^* is orthorhombic with a:b:c = 0.916 : i : 0.597. Crys¬ 
tals p)^amidal. The optic plane is 100; X — c, (—) 2V = 72® 21', 
p > V. Xg — 1.6210 B, 1.6257 D, 1.6337 F, Nm = 1.6002 B, 1.6047 D, 
1.6116F, Np = 1.5636 B, 1.5670 D, 1.5717 F, Nj — Np = 0.0587 D. 
Colorless. 

NaC 104 is orthorhombic and apparently isomorphous 
with CaS04. G. = 2.50. Optic orientation unknown. (-I-) 2V = 
small. Np = 1.4730, Nm = 1.4617, Np = 1.4606. N, — Np = 0.0124. 
Colorless. 

KCIO4 is orthorhombic with a :b:c = 0.781 : 1 ; 1.281; crystals 
thick 001 tablets as in Fig. 219 with perfect 001 and no cleavages. 

001 


Fig. 219.— crystal habit of KCIO4 
(After Tutton.) 

G. = 2.524. The optic plane is loo; Z = b. (-f-) 2V = 50° 15' C, 
49® 48' D, 48° 48' F., p> V distinct. N, = 1.4750 C, 1.4769 D, 
1.4812 F, N„ = 1.4718 C, 1.4737 I>, 1.4779 F, Np = 1.4712 C, 1.4731 
D, 1.4774 F, Np — Np = 0.0038 D. Colorless. Made by reaction of 
K2SO4 with Ba(C104)2. Miscible in all proportions with KMn04. 

RbC104 is orthorhombic with a :b :c = 0.796 : i : 1.288; crys¬ 
tals thick basal tablets to prismatic and apparently sphenoidal with 
distinct 001 and no cleavages. G. = 3.014. The optic plane is 100; 
Z = J. (•+•) 2V = 55® 12' C., 55® 4' D, 54® 33' F, p > w weak. 

N, = 1.4715 C, 1.4731 D, 1.4774 F, Np, = 1.4684 C, 1.4701 D, 
1.4742 F, Np = 1.4674 C, 1.4692 D, 1.4732 F, N, — Np = 0.0039 Na. 
Colorless. Made by reaction of Rb2S04 with Ba(C104)2. 

Tables Ann, Constants, IV, 1922, p. 1067. 

Wulff: ZeU, KryJ., LXXVII, 1931, p. 84. 

** A. E. H. Tutton: Proc, Roy. Soc., A, iii, 1926, p. 462. P. Wulff (Zet(. Elektrochem,, 
XXXIV, 1928, p. 611) gives » 14761 D, N» = I47i6» N,, = 14726, ~ Np * 

O. 0035 for KCIO4 and Np « 1.4870 D, Nm * 14833, Np « 1.4826, Np — Np » 0.0044 
for NH4CIO4. H. E. Merwin (Int. CrU. Tab., VII, 1931, p. 27) gives Np « 1.4768 D, 
Nm * 14718 C, 1.4736 D, 1.4779 F, Np » 1.4728 D, Np — Np * 0.004 for KCIO4. 





P'lG. 220. —A crystal habit of CSCIO4. 
(After Tutton.) 
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CSCIO4 is orthorhombic with a :b :c = 0.817 • i = 1-297; crys¬ 
tals 001 tablets as in Fig. 220 or short prismatic with perfect 001 and 
no cleavages. G. = 3.327. The optic plane is 100; Z — b. <( — ) 
2V = 62® 30'. Na = 1.4786 C, 1.4804 D, 1.4852 F, N„ = 1.4770 C, 
1.4788 D, 1.4835 F, Np = 1.4734 C, 1.4752 D, 1.4797 F> N, - Np = 
0.0052 D. Colorless. Made by reaction of CS2SO4 with Ba(C104)2. 

NH4CIO4 is orthorhombicwith a :b :c = 0.793 • ^ • 1-281; 
crystals short prisms or 001 tablets with perfect no and distinct 001 
cleavages. G. = 1.952. The optic plane is 001; Z — b. (-[-) 2V = 
69° 34' C, 69“ 54' D, 70° 45' F, p> V distinct. N, = 1.4859 C, 
1.4881 D, 1.4931 F, N„ = 1.4813 C, 1.4833 D, 1.4881 F, Np = 1.4798 
C, 1.4818 D, 1.4865 F, Nj — Np = 0.0063 D. Colorless. Made by 
reaction of (NH4)2S04 with Ba(C104)2. 

KCIO3 is monodinic with a : b : c = 0.833 • i • 1-267, ^ 18'- 

(Pseudotrigonal and closely related to calcite and sodaniter.)^^ Crys¬ 
tals lamellar to equant basal tablets as in Fig. 221, with perfect 001 
and no cleavages. Lamellar twinning on 001. G. = 2.32. Soluble 
in water. The optic plane is normal to 010; XAc‘‘‘^= -[-48°. (—) 

2V = 27°, p > V with distinct horizontal dispersion. Np = 1.5234, 
Nm = 1-5167, Np = 1.4084, Np — Np = 0.115 Na. Porter gives: 
XAc = -f 56® 10'; (-) 2V = 26® 45', N, = 1.5241, N„ = 1.5174, 
Np = 1.4099, N, — Np = 0.1142. Colorless. Formed from H2O 
solution. 


BaCl206*H20 is monoclinic with a:b:c — 
1.142 : I ; 1.198, — 86® 26'. Crystals columnar 

prismatic with perfect on and distinct 100 cleavages. 
G. = 2.99-(3.2). The optic plane is 010; Z Ac = 
- 23*°- (+) 2V = 55J®, p<v weak. Np = 1.635, 
N„ = 1.577, Np = 1-562, Np - Np = 0.073. Color¬ 
less. 



Fig. 221.—A crystal 
habit of KCIO3. 
(After Tutton.) 


H2K2Tel20io'2H20 is an iodate and tellurate of 
potassium; it is trigonal withe = 1.933. Crystals rhombohedral with 
0001; common twinning on loTi; no good cleavage. Uniaxial negative 
with No == 2.142, N, == 2.030, N« — No = 0.112 Na. 


8. ANHYDROUS NITRATES 

BaN206 is isometric and tetartohedral. Crystals double tetra¬ 
hedrons, modified cubes, etc. Twiimingon in. G. = 3.25. F. = i. 

« P. Fischer: N. Jakrb. Min. BeU. Bd. XXXH, 191X, p. 31. 

^Feshch, V, Goldschmidt^ 1928, p. 210. 
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Isotropic with N = 1.5665 C, 1.5711 D, 1.5825 F. Also weakly 
birefringent in sectors. Colorless. The natural substance, called 
nitrobarUCt is very rare. BaN206 is miscible in all proportions with 
PbN20o. 

SrN206 is isometric and tetartohedral in crystals like nitrobarite. 
G. = 2.99. Isotropic with N = 1.5667 Na;^® 1.5878 Na.^^ Also 
weakly birefringent. No rotary polarization. Colorless. Formed 
from H2O solution above 25° C. 

PbN206 is isometric and tetartohedral like nitrobarite; also 
monoclinic. The isometric crystals have G. = 4.54; isotropic with 
N = 1.773 C, 1.7815 D, 1.806 F. Also strong abnormal birefringence 
in sectors. Colorless. Formed from H2O solution. Miscible in aU 
proportions 2’’ with BaN20G. 

LiNOs is trigonal with a rhombohedral angle of 74° 20'. G. = 2.33; 
very hygroscopic. Uniaxial negative withN,, = 1.735, Ne ~ ^• 43 S> 
No — No = 0.300. Colorless. Formed from hot H2O solution. 

NaN O3 is trigonal with c = 0.828, isomorphous with calcite. Per¬ 
fect rhombohedral cleavage. H. = 1.5-2. G. = 2.27. F. = 1; defla¬ 
grates on heating. Deliquescent. Uniaxial negative with extreme 
birefringence; No = 1-5793 B, 1.5874 D, 1.5954 E, 1.6260 H, Ne = 
1.3346 B, 1.3361 D, 1.3374 E, No - No = 0.2513 D. (Schrauf); 
Merwin gives: No = 1-5791 C, 1.5848 D, 1.5998 F, N* = 1.3347 C, 
1.3360 D, 1.3384 F, No — No = 0.2488. N'oon the cleavage = 1.467. 
Color white. Made from H2O solution. The natural substance, 
called soda niter or nitratile, is very rare and found only in very arid 
regions. 

CsNOa is hexagonal with c = 1.236. Crystals prismatic with 
pyramids. Distinct oooi cleavage. G. = 3.69. Uniaxial positive 
with weak birefringence, decreasing to almost zero at the temperature 
of liquid air. No = i-55,'^^ N« = 1.56, N, — No = o.oi. Inverts 
at 161° C. to an isometric form. Formed from H2O solution at 14° C. 

KNO3 {saltpeter) is orthorhombic with a :b : c = 0.591 : i : 0.701. 


“ Zeit. Kryst.j LXVII, 1928, p. 148, 

Zeit, Kryst.j IV, i88o, p, 585. 

Behr: N. Jahr. Min.j 1903,1, p. 138. This value verified by E. T. Wheny: personal 
communication, Feb. 1928. Is SrNaOfl dimorphous? 

T. W. Richards and W. C. Schumb: Jour. Am. CJtem. Soc.j XL, 1918. 

^ W. H. P'ry: U. S. Dept. Agrk. Bull. 1108, 1922, p. ii. 

Int. Crit. Tab., VII, 1930, p. 26. 

Indices measured by Bolland (SUz. Akad. Wiss. Wien, CXIX, 1910, p. 275) on 
caesium nitrate” of unknown formula. 
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Crystals equant or vertical acicular pseudohexagonal forms with per¬ 
fect on and imperfect oio and no cleavages. Twinning on no. 

H. = 2. G. = 2.1. F. = I. Deflagrates vividly on coal with violet 
flame color. The optic plane is loo; X = c. (—) 2V = 6° n' B, 
7° 12' D, 8° 5' E, 10° 22' H, p <v, strong. N„ = 1.4994 B, 1.5064 
D, 1 .5135 E, Nm = 1.4988 B, 1.5056 D, 1.5124 E, 1.5385 H, = 

I. 3328 B, 1.3346 D, 1.3365 E, No — Np = 0.1718 D. Merwin ^ gives: 
No = 1.5002 C, 1.5042 -f D, 1.5144 F, Nm = 1.4998 C, 1.5038 D, 
1.5139 F, Np = 1.3310 C, 1.3320 D, 1.3347 F, No - Np = 0.1722 D. 
Colorless. Becomes rhombohedral and uniaxial at 339® C. A third 
phase is known. Saltpeter is made from H2O solution. The natural 
substance, called niter, is found only in caves and desert regions. 

KNO3 and RbNOs form mix-crystals,^^ from o to at least 50 per 
cent RbNOs in which 2E decreases from 10° 51' with p < f in pure 
KNO3 to 0° at about 32 per cent RbNOa; with more RbNOs the optic 
angle opens in 010, attaining 2° 48' with p > d in crystals with 37 per 
cent RbNOs. The density increases from 2.11 for pure KNO3 to 2.35 
for 50 per cent RbNOs. 

RbNOs is orthorhombic with a : b : c = 1.737 : i : 0.711; very 
nearly hexagonal. Crystals prismatic with imperfect 001 cleavage. 
G. = 3.12. Optic plane is 010; Z = c. (-t-) 2V = very small, 
p > V. Np = 1.524, Nm = 1.52, Np = i.5i,Np — Np = 0.014. Color¬ 
less. Formed from H2O solution at 17° C. 

NH4NO3 is orthorhombic with a :b :c = 0.909 : i : 1.055; 
crystals pseudotetragonal long prisms or 010 tablets often twinned 
on on, etc. Distinct 010 cleavage. G. = 1.725. The optic plane 
is 100; X = 6; positive elongation. (—) 2V = 35®, p <v weak. 
Np = 1.637, Nm = 1.605 (668), 1.611 (588), 1.623 (502), Np = 1.413, 
Ny — Np = 0.224. Colorless. Made from solution at ordinary tem¬ 
perature. Stable between —16° C. and 32® C. This phase inverts on 
cooling at —16° C. to a tetragonal phase; on heating it inverts at 50° 
C. to another tetragonal phase, metastable at this temperature and 
stable from 84® C. to 125® C. The stable phase between 32° and 84C. 
is orthorhombic or monoclinic; it has distinctly weaker birefringence 

** F. C. Kracek: Jour. Phys. Chem., XXXIV, p. 225. 

” W. Stortenbeker: Rec, Trav. Chitn. P. B., XXXlll, 1914, p. 90. Tables Ann. Const, 
IV, p. 1067. 

••Bolland (Si(s. Akad, Wiss, Wien, CXIX, 1910, p. 275) gives sign as — with Ny = 
*•54, Np « 1.535. 

** N. L. Bowen; Jour. Phys. Chem., XXX, 1926, p. 721. H. E. Merwin: Int. Crit. Tab., 
VII, 1930, p. 19 
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than the phase stable at 20“ C. and an optic angle of nearly 90°; the 
high temperature tetragonal phase is uniaxial and positive with still 
weaker birefringence (than the phase just described) though still very 
strong or extreme. The tetragonal phase inverts to an isometric 
phase at 125° C. which melts at 170® C. One high temperature phase 
has G. = 1.66 at 25° C. 

TINO3 is orthorhombic with a : J : c = 0.511 ; i : 0.651. Crystals 
short prismatic, varied, with imperfect 010 cleavage. G. = 5.55. 
The optic plane is 010; X = c. (—) 2E = 111° 16' red, 114° 51/ 
blue, Np = 1.817, Nj — Np = ? Inverts at 80° to hexagonal and at 
151° to isometric phase. Formed from H2O solution at 20° ± C. 

AgNOa is orthorhombic sphenoidal with a : b : c = 0.943 : i : 1.37. 
Crystals thick basal tablets, as in Fig. 222. Twinning on 001. G. = 
4.35. F. = 209° C. Soluble in water. Optic 
plane is 100; Z = c, (+) 2V = 62®, p <v, 
strong (2E = 126° 37' red, 133° 50' blue). 
Ng = 1.788, Nni = 1.744. Np = 1-729. No 
Np = 0.059. Colorless. Inverts at 159® C. 
with 0.25 per cent dilation to a hexagonal 
form? 

K2U02(N03)4*^^ is mono clinic with 
a : b : c — 0.639 : i : 0.619, ^ = 90° it. Crystals 001 plates or 
prismatic. G, = 3.36. Ni (vibration parallel to b) = 1.5422, N2 
(vibration in 010 at 26° 34' from a toward c in the acute angle = 
1.5349. Color green. 



Fig. 222. —A crystal habit 
of .AgNOa. (After Groth.) 


9 . HYDROUS NITRATES 

3Mg(N03)2-2Ce(N03)3-24H20 is trigonal; crystals rhom- 
bohedral. Uniaxial negative with N. = 1.5204 C, 1.5249 D, 1.5346 F; 
N« = 1-5135 C, 1.5176 D, 1.5267 F; No — N, = 0.0073 D, F — C for 
No = 0.0142. 

3Mg(N03)2-2Nd(N03)3*24H20 is trigonal; crystals rhombo- 
hedral. Uniaxial negative with No = 1.5228 C, 1.5266 D, 1.5368 F; 
N, = 1.5156 C, 1.5192 D, 1.5286 F; N* — N, = 0.0074 D, F — C for 
No = 0.0140. 

Comp. Rend., CXLIX, 1909, p. 569. 

£. L. Nichols and H. L. Howes: Cam. Inst. PM. 298, 1919, p. 214. Rimbach 
(Ber. Ckem. Ges., XXXVII, 1904, p. 472) has described orthorhombic and trigonal forms 
of ammonium, and two orthorhombic forms of potassium, uranyl nitrate. 

E. Flint: Zeit. Kryst. Ref., Ill, 1931, p. 94. 
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3Mg(N03)2-2Pr(N03)3-241120 38 is trigonal in rhombohedral 
crystals with N,, = 1.5215 C, 1.5255 D, 1.5356 F; Ne = 1.5144 C, 
1.5182 D, 1.5277 F; No — Nc = 0.0073 D, F — C for No = 0.0141. 

3Mg(N03)2-2La(N03)3-24H20 38 is trigonal in rhombohedral 
crystals with No = 1.5180 C, 1.5220 D, 1.5319 F; N* = 1.5112 C, 
1.5150 D, 1.5242 F; No — No = 0.0070 D, F — C for N* = 0.0139. 

U02N20o-6H20 is orthorhombic with a :b : c = 0.874 : i : 0.609. 
on cleavage. G. = 2.76 — 2.81, Optic plane is 010; Z — c. (+) 
2V = 44°, p <v weak. Nm = 1.497 Na, N^ — N^ = ? 39 Color 
siskin green with yellowish green fluorescence and X = dear yellow, 
Y = greenish yellow, Z = deep dtron yellow. 

CaN20(i-4H20 is monodinic with a :b :c — 1.584 ; i : 0.688, 
/3 = 81° 54'. Crystals prismatic fibers with one perfect deavage. 
Soft. G. = 1.9. F. = easy. Very hygroscopic. Acute bisectrix X 
normal to the deavage.'^’ (—) 2V = 5°, with slight dispersion, N* = 
1.504, Nm = 1.498, Np = 1.465, N, — Np = 0.039. Colorless. Alters 
by dehydration to an isotropic chalky mass with N = 1.595, 
returns to original condition in moist air. The natural substance, 
known as nitrocakik, is very rare. 

(NH4)2U02(N03)4-21120 31 is monoduiic with a:b:c = 
0.842 : 1 :0.559, P — 85° 5 ^- Crystals resemble cubes modified by 
pyramids; no deavage. G. = 2.78. Dissociates at 140° C. Vola¬ 
tile. The optic plane and Z are normal to 010; N, = 1.639, Nm = ?, 
N'p = 1.508, Np — N'p = 0.131. Color sulphur yellow. 

CoN 206-6H20 is monodinic with a : b : c = 1.172 : 1 : 1.925, 
jS == 79° o'. Crystals 001 tablets with perfect 001 (or 100?) deavage. 
The acute bisectrix makes an angle of about 18° with a normal to the 
deavage. (—) 2E = 62^°. According to Bolland “ cobalt nitrate ” 
(of unknown formula) is + with N'p = 1.52, Nm = ?, N'p = 1.38 (?), 
N'p — N'p = 0.14 (?). Color red. Formed from H2O solution. 

10. NITRITES 

SrN204-H20 ^3 is isometric of cubic habit with imperfect 111 
deavage and G. = 2.99. Isotropic with N = 1.589 Na. Colorless. 
Formed from cold H2O solution. 

“ Bolland {Siiz. Akad. Wiss. Wien.^ CXIX, 1910, p. 275) gives for uranium nitrate” 
of unknown formula: « i- 55 S. 

E. S. Larsen: U. S. Geol. Surv. Bull., 679, 1921, p. 116. 

Akad. Wiss. Wisn, CXDC, 1910, p. 275. 

** Not analyzed; perhaps more water. 
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K3Ptl2N204'2H20 is tetragonal with c * 0.589. Perfect 100 and 
distinct 001 cleavages. Uniaxial negative with Nj = 1.7909, N. = 
1.6527, No — N« = 0.1382. Color reddish yellow with X = greenish 
yellow, Z = orange. 

K2CdN408 is orthorhombic with a :b : c = 0.537 • ^ • ^■9^4i 
pseudohexagonal. Crystals columnar prismatic or 010 tablets with 
distinct no cleavages. The optic plane is 100; Z = c. (+) 2V = 
48°. N, = 1.608 Na, Nm = 1-565, Np = 1.556 (calc.), N, — Np = 
0.052. Color pale yellow. 

Na2RuN50io-21120 is monoclinic with a :b :c = 1.509 : i : 1.022, 
/3 = 86° 13'. Crystals prismatic; twinning on 100 of the Carlsbad 
type; no good cleavage. The optic plane is 010; Zt\c — 84° 18' Na, 
(84° 34' Tl). (+) 2V = 24° 50' Li, 25° 14' Na, 25° 37' Tl. N, = 
1.7163 Na, Nm = 1.5847 Li, 1.5943 Na, 1.6041 Tl, N, = 1.5889 Na, 
Nj — Np = 0.1274 Na. Color orange with X = yellow, Z = orange. 

K2PtBr2N204-H20 is triclinic with a :b :c = 0.992 : i : 1.317, 
a = 90° 58', = 91° 43', 7 = 91° 7'. Crystals 001 (or 201) tablets or 

complex. Very common twinning on 001. One optic axis is nearly 
normal to 001; the other, visible through 20T, makes an angle of 30° 5' 
with a normal to this face. X A normal to 001 = 47° 55'; XA 
normal to 2oT = 63° 10'; 2 A normal to 001 = 42° 7'; Za normal to 
2oT = 32° 27'. (+) 2V = 72° 21'. Axis A, visible through 001, is 

very little dispersed with p > v; axis B, visible through 20T shows 
strong inclined dispersion with p <v. Np = i-757 D, Nm = 1.6684, 
Np = 1.626, Np — Np = 0.131 Na. Color yellow. 

VII BORATES 

“ Aluminates ” and “ ferrites,” which are related chemically to 
borates, have been included among the oxides. All the acids of boron 
are considered together and classified on the basis of the valence of the 
metals present. Rhenates are also included. 

1. BORATES OF MONOVALENT BASES 

Na2B407-51120 is rhombohedral * with c => 1.87. Crystals pseudo- 
octahedral with 0001 and loli; alsooil2. No cleavage. G. = 1.88. 
Uniaxial positive with N* = 1.461, N, = 1.474, Np — N# = 0.013. 
White to colorless with vitreous luster. Made by boiling a solution of 
borax. The natural substance is kno-wn ais tincalconite. 

* W. T. Schaller; U. S. Geol. Sun. Prof. Pap., 158,1930, p. 137. 
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NH4B508'4H20 is orthorhombic with a :h :c 0.983 ; i : 0.820. 
Crystals pyramidal, often twinned on loi, with distinct 010 cleavage. 
Optic plane is 010; Z = b. (+) 2E = 46° 30' red, 48° 24' blue. 
N', = 1.485,® Nm = ?, N'p = 1.44, N'j — N'p == 0.045, Colorless. 

Na2B407-101120 is monodinic® with a :b :c = 1.0995 ' ^ .■0.5632, 
/3 = 72° 25'. Crystals prismatic, resembling pyroxene, as in Fig. 
223 with twinning on 100, and perfect 100 and distinct no deavages. 
H. = 2. G. = 1.70. The optic plane is normal to 010; Z Ac = —56° 
(red), -55° 50' Na, -54° 39' (green). (-) 2V = 39° 28' (red), 39° 10' 
Na,38°35' (green), = 1.4699 C, 1.4724 D, 1.4778 F, N„. = 1.4669 
C, 1.4694 D, 1.4750 F, Np = 1.4445 C, 1.4467 D, 1.4517 F, N» - = 

0.0257 D. Colorless. Made from H2O solution of boric acid and 
sodium carbonate at ordinary 
temperature. The natural sub¬ 
stance, called borax, is an abun¬ 
dant deposit of rare salt lakes. 

Borax glass (Na2B407) is isotropic 
with N = 1.5147 Na. Colorless. 

too 

010 


Fig. 223.—A crystal habit of borax, Fig. 224.—Optic orientation of borax, 
Na2B407 • 10H2O. Na 2 B 407 • 10H2O. 

Na2B407-4H20 is monoclinic^ with a :b :c = 1.523 : i : 1.699, 
^ = 71° 8'. Crystals nearly equant to elongated parallel with c, 
with perfect 001 and 100 and fair loi deavages; deavage fragments 
are elongated parallel with i>. H. = 2.5. G. = 1.91. Fuses easily to 
dear glass. Slowly soluble in H2O. The optic plane and Z are normal 
to 010; XAc = +70I®. (—) 2V = 80°, p> V distinct. N, = 

1.487, N« = 1.472, N, = 1.455, N, — Nj = 0.032. Colorless to 
white. The natural substance is called kernik. Made by heating 
borax in a dosed tube to about 150° C. for several days, cooling, wet¬ 
ting, and reheating to about 150° C. 

* Indices measured by Holland (loc, cU.) on ammonium borate” of unknown formula. 

*G. Tschermak; Sitz. Akad. Wiss, Wien^ LVII, 2, 1868, p. 641. 
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2 . BORATES OF DIVALENT BASES 

CaB204 is orthorhombic with a ’.b :c — 0.539 : i : 0.372. Crys¬ 
tals 100 plates elongated parallel to c with perfect 100, distinct loi and 
poor 010 cleavages. G. = 2.65. The optic plane is 001; X = a. 
(—) 2E = 90® 24' Na; 2V = 51°. Na = 1.682, Nm = 1-656, N, = 
1.540, Na — Np = 0.142. Color white. Formed from fusion. 

MgsBaOe is orthorhombic with a :b :c = 0.641 : i : 0.549. Crys¬ 
tals prismatic with good no cleavages. G. = 2.99. The optic plane 
is 010; Z = c. (-f) 2E = 43° 18', p > V weak; 2V = 25°. Na = 
1.6748, Nm = 1-6537, Np = 1-6527, Na — Np = 0.0221 Na. Color 
white. Formed from fusion. 

Mn3B40g is triclinic ^ with a : b :c = 1.837 : i : 2.012, a = 92° 6', 
/3 = 123® 58', y — 76° 26'. Crystals prismatic with perfect 001 and 
distinct 010 cleavages. G. = 3.61. An optic axis is inclined 90® to a 
normal to 001; X makes an angle of 63° with a normal to no, 27® 43' 
with a normal to 001 and 29° n'with a normal to 100. ( —) 2V = 55® 

47'. Na = 1.776, Nm = 1.738, N, = 1.617, Na - Np = 0.159. 
Formed from fusion. 

3 . BORATES OF TRIVALENT BASES 

AlsBOe is orthorhombic with a '.b :c — 0.974 : i : 0.679. Crystals 
acicular. The optic plane is 010; Z = c. (-f-) 2V = 87®. Na = 1.623, 
Nm = 1.603, Np = 1.586, Na — Np = 0.037. Colorless. Formed from 
fusion. 

4. BORATES OF DIV-^LENT AND MONOVALENT BASES 

NaCaBsOg-sHgO is monoclinic * with a : b :c = 1.105 : i : 0.524, 
/3 = 72® 16'. Crystals long prismatic, radiating, with perfect no 
cleavage. No twinning observed. H. = 2.5, G. *= 2.14. Fuses easily 
with swelling. The optic plane is 010, ZAc = — 12®. (-I-) 2V = 73°, 
p> V. Na == 1 . 544 ; Nm = 1.525, Np = 1.515, Na - Np = 0.029. 
Colorless or white. The natural substance has been named kramerite. 
Formed by heating a mixture of two parts of ulexite and one of borax 
to about 60® C. 

5 . RHENATES 

ERe04 is tetragonal with c = 1.582. Crystals pyramidal. 
Uniaxal positive with No = 1.643, N. = 1.673, N, — No * 0.030. 

* Hie formula is MnaBiOt according to Le Chatelier: Comp. Rend., CXIII, 1891. 

‘ Zeit. Kryst., LXII, 1930, p. 541. 



SULPHATES, ETC. 


215 


VIII. SULPHATES, ETC. 

Sulphates, selenates, tellurates, chromates, molybdates, tungstates 
and uranates are included in this division, which begins with sul¬ 
phites. The arrangement of salts of the normal acids begins with 
anhydrous normal salts of monovalent bases and maximum sym¬ 
metry and ends with hydrous basic salts of several bases and of min¬ 
imum symmetry. This is followed by the polythionates and poly¬ 
chromates; as an appendix are added salts of two or more oxygen acids 
(including one acid of this division). 

1 . SULPHITES, SELENITES, ETC. 

Na2S03 is hexagonal ‘ in prisms and tablets. Uniaxial negative 
with No = 1-565 ±, No = 1.515 ±, No — No = 0.050 ±. Colorless. 

NaHSOs occurs in formless grains*" with (-|-) 2V = 65° ±, 
No = 1.685 Nm = 1-526, No = 1-474, No — Np = 0.211 zt. Color¬ 
less. 

CaSO^ • 2H2O occurs in rectangular grains * with varied elongation 
and parallel extinction. (-1-) 2V = 30® ±, No = 1.628-1.635, Nm = 
1.595-1.605, Np = 1.590-1.600, No — Np = 0.038-0.035. Colorless. 

2 . ANHYDROUS SULPHATES, ETC., OF MONOVALENT BASES 

NaK3(Cr04)2 is trigonal with c = 1.286; crystals basal tablets or 
rhombohedral with distinct basal cleavage. Single crystals form only 
from warm solutions. G. = 2.767. Uniaxial positive with No = 
1.7278 Na, No = 1.7361, No — No = 0.0083. Strong dispersion, giving 
an unusual interference figure. Also monodinic, pseudohexagonal, 
biaxial positive, 2V small; Z nearly normal to 001; Y = b. Color in 
plates I mm. thick, X = orange yellow, Z = lemon yellow. 

LiE:S 04 is hexagonal with c — 1.676. Crystals columnar pris¬ 
matic, basal tablets, or plainly hemimorphic. Twinning often obscures 
the hemimorphism. Imperfect basal cleavage, H. = 3. G. = 2.39. 
Uniaxial negative** with N* = 1-4703 C, 1.4723 D, 1.4765 F, No = 
1.4697 C, 1.4717 D, 1.4759 F, No — No = 0.0006 D. Rotates the 
plane of polarization. Colorless. Formed from acid solution. Inverts 
at about 435° C. 

* Salt prq>ared by F. R. Bichowsky; properties determined by H. E. Merwin—personal 
communication, Mar. 25,1931. 

’* Properties determined by H. E. Merwin—personal communication, Mar. 25,1931. 

* Zeit. Kryst., LXXI, 1929, p. 141. 
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(NH4)2S04 is orthorhombic with a :b : c = 0.563 : i : 0.732 and 
distinct 001 cleavage. Crystals 010 tablets, nearly equant or short 
brachydomatic. Pseudohexagonal twinning on no. H. = 2. G. = 
1.77. F. = I. Volatile. The optic plane is 010; Z = a. (+) 2V = 
52° 17' C, 52® 12' D, 52® o' F, p > V very weak. N, = 1.5302 C, 
1.5330 D, 1.5394 F, Nm = 1.5204 C, 1.5230 D, 1.5291 F, Np = 1.5182 
C, 1.5209 D, 1.5270 F, Ns — Np = 0.0121 Na. Colorless or yellow. 
Made from H2O solution. The natural substance, known as mas- 
cagnite, occurs about volcanoes, in guano, and as a product of com¬ 
bustion of coal; rare. 

Na2S04 is orthorhombic ^ with a : h : c = 0.598 : i : 1.252. Crys¬ 
tals pyramidal, as in Fig. 225, short prismatic or basal plates with dis¬ 
tinct 001 cleavage. H. = 2.7. G. = 2.664. F. = 1.5 — 2. The 
optic plane is 001; Z — a. (4-) 2V = 83® 38' Li, 83° 35' Na, 83° 
32' Tl, p > V weak. Ng = 1.484, Nm = 1 - 477 , Np = 1.471, Np — Np 
= 0.013. Colorless. Made from H2O solution 
at about 50® C. The natural substance, called 
ihenardile, is a rare salt lake deposit and also 
found about volcanoes. 

Na2S04 inverts at about i6o°-i8o® C. to a 
phase (called Na2S04 IV) which is probably 
monoclinic with birefringence stronger than 
that of thenardite and N, = 1.480, N„ = ?, 
Np < 1.46, Np — Np > 0.02. Na2S04 inverts 
again at about 185® C. to an orthorhombic 
phase (called Na2S04 III) supposed to be isomorphous with K2SO4; 
G. = 2.696; very stable when cooled to ordinary temperature; bire¬ 
fringence much less than that of thenardite with all indices between 
1.480 and 1.485; optically negative. Na2S04 inverts finally at 241® C. 
to a hexagonal phase (called Na2S041) probably isomorphous with the 
high temperature phase of K2SO4; it is negative uniaxial with indices 
lower than 1.475 weak birefringence; it was called meta- 

thenardite by Lacroix, who found it at Mont Pelee. These inversions 
occur very slowly, so that several phases may be found together after 
heating and cooling. On cooling, if the change at 241® C. be pre¬ 
vented, an inversion occurs reversibly at 236® C. to a phase (called 
Na2S04 II) with very strong birefringence, having Np = 1.480, Nm = ?, 
Np much less than 1.465; not stable at low pressure. 



Fig. 225.—A crystal habit 
of Na2S04. 

(After Groth.) 


S. Washington and H. E. Merwin: Am. Mineral.^ VI, 1921, p. 121. 

C. Kracek: Jour. Phys. Chem.^ XXXIII, 1929, p. 1281; X?DCIV, 1930, p. 188. 
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E2SO4 is orthorhombic * with a :b :c ^ '■ 1 = 0.7418 and 

distinct 010 and 001 cleavage. Crystals nearly equant or 010 tablets 
or short brachydomatic, as in Fig. 226. Pseudohexagonal by twin¬ 


ning on no. G. = 2.66. Soluble in water. 
The optic plane is 100; Z = c. (-1-) 2V = 67“ 
24' C, 67° 20' D, 67° f F, p > V weak. Ng = 
1.4954 C, 1.4973 D, 1.5023 F, Nm = 1.4928 C, 
1.4947 D, 1.4995 F> Np = 1.4916 C, 1.493s 
1.4982 F, N„ — Np = 0.0038 D. Colorless. 
Inverts to uniaxial negative phase at about 
650® C. Very rare in nature, where it is 
known as arcanite. Apparently miscible in 
all proportions with K2Cr04, q. v. 



Fig. 226.—A combination of 
crystal forms in K2SO4. 


Rb2S04 is orthorhombicwith a :b :c = 


0.572 : I : 0.749; crystals varied, nearly equant or loo tablets; may 
be pseudohexagonal twins on no. Distinct oio and imperfect ooi 
cleavage. G. = 3.61. The optic plane is 001 below 50° C.; above 
50° C. it is 010; acute bisectrix is a to 180° C., above that it is c 
and negative. (-1-) 2V = 29° 5' C, 33° o' D, 41° 35' F. Uniaxial at 
36® for Li, at 38® for Na, at 44® for Tl. N, = 1.5124 C, 1.5144 
Na, 1.5194F, Nm = 1.5113 C, 1.5133 D, 1.5183 F, N, = 1.5112 C, 
1.5131 D, 1.5181 F, Np — Np = 0.0013 Formed from H20 
solution. 


CS2SO4 is orthorhombic^ with a : b : c = o.$yi : i : o.j$y, crys¬ 
tals tabular parallel to ooi or 010 with all three pinacoids prominent. 
Distinct 010 and imperfect 001 cleavage. G. = 4.24. The optic 
plane is 010; X = c. (—) 2V = 65® 8' C, 65® 20' D, 65® 39' F, 
p < V weak. N, = 1.5637 C, 1.5662 D, 1.5725 F, Nm = 1.5619 C, 
1.5644 D, 1.5706 F, Np = 1.5573 C, 1.5598 D, 1.5660 F, Np - Np = 
0.0064Formed from H2O solution. 

TI2SO4 is orthorhombic ^ with a : 6 : c = 0.555 • ^ • o-733> crys¬ 
tals tabular parallel to 010 usually elongated parallel to o; perfect 010 
and nearly perfect 001 cleavage. G. = 6.765. The optic plane is 
010; Z = a. (-h) 2V = 68® 8' C, 68® 4' D, p > r; very weak. Np = 
1-8753 C, 1.8853 1.9126 F, Nm = 1.8579 C, 1.8671 D, 1.8935 F, 

Np «= 1.8509 C, 1.8600 D, 1.8859 F, Np — Np = 0.0253 D. Formed 
from dilute H2SO4 solution. 

K2Cr04 is orthorhombic with a :b :c 0.569 :1 : 0.730; crystals 
varied; twinning pseudohexagonal; fair 010 and 001 cleavages. 

^ A. E. H. Tutton: Trans, Chem, Soc,, LXV, 1895, p. 628. 
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G. = 2.74. Optic plane is loo; X *= 6. According to Mallard:® 
(—) 2V = 29° 25', p >v weak. N, = 1.7305 C, Nm = 1.7131 C, 
1.7254 Na, 1.7703 F, Np = 1-6873, Np — Np = 0.0432. According 
to Corio:® (-) 2V = 57® 47' Na, N„ = 1.7304, N™ = 1.7261, Np = 
1.7087, N, — Np = 0.0217. Miscible in all proportions with K2SO4. 
With 19 per cent K2SO4, N, = 1-6727, N™ = 1.6688, Np = ? With 
79.4 per cent K2SO4, N, = 1.5432, N„ = 1.5378, Np = 1.5316, 
N, — Np = 0.0115. Pure K2Cr04 is bright yellow. It has a reversible 
inversion at 666° C. The natural substance, known as tarapacaite, is 
foxmd in calcite in Chile and Peru. Very rare. 

K2Se04 is orthorhombic with a :b : c = 0.573 • ^ • 0-732; crystals 
tabular parallel to 010 or acicular, prismatic, vertically striated, often 
twinned as trillings. Perfect 010 and distinct 001 cleavage. G. = 
3.067. Deliquescent. The optic plane is 100; Z = c. (+) 2V = 
76° 47' C, 76° 53' D, 76° 57' F, p < distinct. N* = 1.5418 C, 
1.5446 D, 1.5518 F, N„ = 1.5362 C, 1.5390 D, 1.5460 F, Np = 1.5325 
C, 1.5352 D, 1.5421 F, Np — Np = 0.0094 D. Formed from H2O 
solution. 

Rb2Se04 is orthorhombic with a :h : c = 0.571 : i : 0.739; crys¬ 
tals brachydomatic columnar. Perfect 010 and distinct 001 cleavage. 
G. = 3-902. Deliquescent. The optic plane is 100; Z = c. (-f) 
2V = 68° 55' C, 68° 53' D, 68° 49' F, p > v very weak, N, = 1.5554 C, 
1.5582 D, 1.5655 F, N„ = 1.5509 C, 1.5537 1.5609 F, Np = 1.5487 

C, 1.5515 D, 1.5586 F, Np — Np = 0.0067 D. Formed from H2O 
solution. 

Cs2Se04 is orthorhombic with a :b : c — 0.570 : i : 0.742; crys¬ 
tals thick basal tablets. Perfect 010 and distinct 001 cleavage. 
G. = 4.456. Very deliquescent. The optic plane is 001; X = 6. 
(—) 2V = 73° 7' C, 71° 49' Na, 68° 58' F, p > » distinct. N, = 
1.5969 C, 1.6003 D, 1.6084 F, N« = 1.5965 C, 1.5999 D, 1.6080 F, 
Np = 1-5955 C, 1.5989 D, 1.6070 F, Np — Np = 0.0016 D. The optic 
angle increases rapidly with heat, the mineral becoming positive at 
about 60° C., and uniaxial at about 95° C.; at 150° it is again 
decidedly biaxial (positive) with the optic plane 010; at 280° C. the 
optic angle about Z ( = b) is much more than 90° and the substance 
is again negative (X = c). Formed from H2O solution. 

Tl2^04 is orthorhombic with a :b:c = 0.555 • • 0.724. Crystals 

columnar brachydomatic or tabular parallel to 010, 001 or on. 010 

‘ Bull. Soc. Fr. Min., Ill, 1880, p. 3; Nm as measured by T<4>s0e and Christiansen. 

• ZeiL Kryst.f XXXII, 1900, p. 524. 
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and ooi cleavages. G. = 6.875. The optic plane is 001; X = 6. 
(—) 2V = 72® 58' Na, p > V weak. N, = 1.9500 C, 1.9640 D, 
1.9987 F, N„ = 1.9450 C, 1.9592 D, 1.9942 F, Np = 1.9355 C, 
1.9493 D, 1.9840 F, Nj — Np = 0.0147 D. Formed from dilute 
H2SO4 solution. 

NH 4 LiS 04 is orthorhombic with a : b : c = 1.680 ; i : 0.979. 
Crystals 100 plates with horizontal striations on 010 and horizontal 
and vertical striations on prism faces; perfect 100 cleavage. G. = 
1.20. The optic plane is 010; Z — b. (+) 2V = 36° 32' red, 49“ 4' 
green, Nm = i-437 Li, N, — Np = ? Colorless. Made from cold 
H2O solution. A pseudohexagonal phase is also known with a :b ic = 
1.73 : I : 1.67; crystals 010 tablets or columnar parallel to c or 6; 
G. = 1.16. Common twinning on no; perfect 001 cleavage. The 
optic plane is 010; Z = c. (+) 2E = 63° 30' red, 61° 32' green. 
Made from hot H2O solution. 

Rb2Cr04 is orthorhombic with a :b : c = 0.566 : i : 0.749. Crys¬ 
tals elongated parallel to a, with 001 cleavage. The optic plane is 
010; X = c. ( —) 2H = 74°, p <v. Bolland ^ gives for “ rubidium 
chromate ” (hydrated?): Ni = 1.72, N2 = 1.71; these are probably 
Np and Nm. Made from H2O solution. 

NH4HSO4 is orthorhombic with a :b :c — 0.613 : i : 0.744. Crys¬ 
tals long prismatic or thick 010 tablets with perfect 100 cleavage. 
G. = 1.82. The optic plane is 010 and Z = c. (-I-) 2V = 60° db 
with weak dispersion; Np = 1.510, Nm = 1.473, Np = 1463, Np — Np 
= 0.047. Colorless. 

RbHS 04 is orthorhombic with a:J:c = 0.75 :i: 0.60. The 
optic plane is 010; X = c. (-|-) 2V = 55° 52', p < j^weak. Nm = 1473, 
Np - Np = ? 

(NH4)2Se04 is orthorhombic in isomorphous mixtures (and alone?); 
the pure salt is said to have a :b :c — 0.534 : i : 0.75 and G. = 2.077. 
Crystals 010 tablets. The optic plane is 010; X = c. ( —) 2V = 55° 
36' red, 58° 54' blue. Nm = 1-56. The salt is commonly monoclinic 
with a :b :c = 1.890 : i : 1.199, ^ ~ ^ 4 ° 3 ^ • CrystaJs tabular 
parallel to 100 or 001 or columnar parallel to b with 100 and 001 well 
developed; twinning on 001 common. Perfect 100 and 001 and dis¬ 
tinct 010 cleavages. G. =* 2.194. The optic plane is normal to 010 
and nearly parallel to 001; Z A c = +113“ ii'. (+) 2V = 37® 19' C, 

’’ Sitz. Akad. Wiss. Wien, CXIX, 1910, p. 275. 

’"Indices and optic angle measured by H. E. Merwin—personal communication, 
Mar. as, 1931. 



220 


ARTIFICIAL INORGANIC SOLID SUBSTANCES 


37° 54' D, 38° 44' F, P < j; weak. N» = 1.5806 C, 1.5846 D, 1.5935 F. 
Nm = 1-5594 C, 1.5630 D, 1.5713 F, Np = 1.5571 C, 1.5607 D, 
1.5687 F, N, — Np = 0.0239 Becomes uniaxial at 114° C. for 
D and at 119° C. for F. Made from H2O solution. 

Li2S04 is monoclinic with a :b : c = 1.004 • i ■ 1-380, jS = 87° 52'. 
Crystals pseudooctahedral and pyramidal with perfect 101, lol and 
on cleavages. G. = 2.23. Unstable in air. The optic plane is normal 
to 010; X A c = — 31°. (—) 2V = 72° 58', p > V weak. N® = 

1.465, N, — Np = rather weak. Colorless. Made from fusion. 

H(NH4)3(S04)2 is monoclinic ® with a : b :c = 1.739 : i : 3.881, 
j 3 = 89° 13'. Twinning on no or 310 frequent. Distinct opi cleav¬ 
age. G. = 1.83. The optic plane is normal to 010; X A c = 17^°. 
(_) 2V = 52°, N, = 1.5230Li, 1.5276 Na, 1.535s Tl,Nm = 1.4964Li, 
1.5021 Na, 1.5091 Tl, Np = i.49i4Li, 1.4959 Na, 1.5040 Tl, Np — N, 
= 0.0317 Na. Inverts to a uniaxial phase. Colorless. Made by 
cooling a solution of (NH4)2S04 and H2SO4. 

11X3(804)2 is monoclinic with a : b : c — 1.722 :1 :3.767, /3 = 89° 
49'; crystals tabular or pyramidal; twinned on no, or on 310 in pseu- 
dohexagonal trillings. Distinct 001 cleavage. G. = 2.59. The optic 
plane * is normal to 010; X A c = —35°. (—) 2V = 60°, N* = 1.5259 
Na, Nm = 1.4899, Np = 1.4793, Np — Np = 0.0466. Colorless. 
Formed from H2O solution of HKSO4 from which K2SO4 has first 
separated. 

3. HYDROUS SULPHATES, ETC., OF MONOVALENT BASES 

Na2W04-2H20 is orthorhombic with a : b :c = 0.800 : i : 0.647. 
Crystals 001 tablets with good 001 cleavage. G. = 3.25. The optic 

plane is 100; X = J. (4-) 2V = 25° D, 2Vp — = 9°; Np = 

1.5695 ±, Nm = 1.5533 Np = 1.5526 ±, Np - Np = 0.0169 ±- 

Dispersion (F-C) for Np = 0.0138, for Nm = 0.0130, for Np = 0.0123. 

Na2S04-ioH20 is monoclinic with a :b :c = i.ri6 : i : 1.237, ^ ~ 
72° 15'. Crystals columnar parallel to 6, as in Fig. 227, 001 tablets 
elongated parallel to b, or short prismatic with perfect 100 cleavage. 
Twinning on 100. H. = 1.5-2. G. = 1.46. F. = 1.5. Effloresces 
rapidly. The optic plane is normal to 010; Z A c = +31“ Li, 26.5° 
blue. (—) 2E = 122° 48' Li, p > » weak with strong crossed dis¬ 
persion; 2V = 76°. Np «= 1.398, Nm = 1.396, Np « 1.394, N, - N, 
*0.004 (Larsen). Sections normal to X give abnormal interference 

• P. Fischer: N. Jahrb. Min. Bl. Bd. XXXH, 1911, p. 31. 
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colors without extinction; other sections give sharp extinction. Color¬ 
less. Made from H2O solution. The natural substance, called 
mirabilite, is a rare salt lake deposit and also found about volcanoes. 

Na2Cr04-4H20 is monoclinic in crystals elongated parallel to a 
with a :b : c = 1.112 : i : 1.062, /3 = 74° 56'. No distinct cleavage. 
Twinning on 001. Deliquescent. The optic plane is 010 for light 
of wave-length less than 645 m/i and normal to 010 for light of wave¬ 
length more than 645 m/i, being uniaxial positive for X = 645 m/t. 
(-f) 2V = 31° - 12° for X = 450 - 600 m/i; N, = 1.536, N„ = 
1.285, Np = 1.221 for 670 m/i; Nj = 1.545, N„ = 1.297, = 1-291 

for 650 mix; N» = 1.551, N™ = 

1.383, Np = 1.308 for 625 m^; 

N, = 1.561, N„ = 1.447, Np = 

1.321, Nj — Np = 0.240 for 589 
mju; N, = 1.576, N„ = 1.471, 

Np = 1.342 for 535 m/i. Z A c = 

2|° for 650 m/t, 51 ° for 573 m/i, 

17® for 472 m/i. Remarkably 




Fig. 227.—crystal habit of 
Na2S04* 10H2O. 



Fig. 228.—Optic orientation of 
Na 2 S 04 ioH 20 . 


strong inclined dispersion for X < 645 m/i. Made from solution at 
25°-2g° C. 

Li2S04-H20 is monoclinic® with a :b :c = 1.607 • 1 • 0-563, 

= 87° 55'. Crystals Toi plates elongated parallel to b. Twinning 
on Toi common. Perfect loi, distinct 100 and indistinct no cleav¬ 
ages. G. = 2.06. The optic plane is normal to 010; X A c = —36° 
32'. (—) 2V = 78° 24', p < V very weak. N# = 1.488, N® = 1.477, 

Np = 1.459, Np — Np = 0.029. Colorless. Made from add solution. 

NaHS04-H20 is monoclinic with a :b :c — 0.997 • 1 • 1.048, 
j 9 = 60° 25'. Crystals prismatic, often platy parallel no or iio. 
Bolland measured on “ sodium bisulphate ” (hydrated?): N* = 1.47, 

'A. Johnsen: N. Jahrb. Min. Beil. Bd. XXXIX, 1914, p. 500. Scacchi in Dufet 
{Rec. Don. Num., Ill, 1900, p. 1238) gives Nm = 1.310 D. 

*0 Sits. Akad. Wise. Wien, CXIX, 1910, p. 275. 
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Nm = 1.46, Np = 1.43, N„ — N„ = 0.04. Colorless. Made from a 
solution of Na2S04 containing an excess of H2SO4. 

4 . ANHYDROUS SULPHATES, ETC., OF DIVALENT BASES 

CaW04 is tetragonal with c = 1.530; crystals pyramidal or tabular 
with distinct iii cleavage. H. = 4.5-5. G. = 6.12. F. = 5. 
Decomposed by HCl leaving a yellow residue. Uniaxial positive 
with No = 1.9124 C, 1.9200 U, 1.9298 E, 1.9344 (475), Ne == 1.9281 C, 
1.9365 D, 1.9468 E, Nf — No = 0.0165 D. Color white. Made by 
adding a solution of sodium tungstate to a hot acid solution of calcium 
chloride; also by fusion. The natural substance, called scheelik, often 
contains some molybdic acid radical. 

CaW04 with 10.3 per cent Ce2(W04)3 is tetragonal’* with c = 
1.532. Uniaxial positive with No = 1.9197 C, 1.9266 D, 1.9365 E, 
No = 1.9331 C, 1.9412 D, 1.9517 E, No — No = 0.0146 D. Color 
yellow. Made from fusion at 1100° C. 

CaMo04 is tetragonal “ with c = 1.551; crystals pyramidal with 
distinct 111 cleavage. H. = 3.5. G. = 4.35. F. = 4. Decomposed 
by HCl. Uniaxial positive with No = i-959, N, = 1.967 for 667 m^; 
No = 1-974, No = 1.984, No — No = 0.010 for 570 m/i; No = 1.982, 

No = 1.993 553 Made by fusion of calcium chloride with 

sodium molybdate. The natural substance, called powellik, com¬ 
monly contains some tungstic acid radical. 

CaMo04 with 39 per cent Di2(Mo04)3 is tetragonal ” with c — 
1.542. Uniaxial positivewith No = 2.006, No = 2.001, No — N« = 
0.005. Color violet. Made from fusion. 

CaMo04 with 4.7 per cent Y2(Mo04)3 is uniaxial positive “ with 
No = 1.978, No = 1.986, No — N* = 0.008 for 667 m/u; No = 1.993, 

No = 2.002, No — No = 0.009 570 No = 2.003, No = 2.012, 

No — No = 0.009 for 533 mii. Color white. 

CaMo04 with 21 per cent Ce2(Mo04)3 and 24.7 per cent Y2(Mo04)3 
is tetragonal ” with c — 1.544. Crystals pyramidal. Uniaxial posi¬ 
tive with No = 1.9905 C, 2.0004 D, 2.0163 E, No = 1.9939 C, 2.0049 
D, 2.0208 E, No — No = 0.0045 Color orange red. Made from 
fusion with NaCl. 

SrMo04 is tetragonal ” with c — 1.574. Crystals pyramidal. 
G. = 4.15. Uniaxial positive. With 2.4 per cent Ce2(Mo04)3: 
No = 1.9088, No = 1.9127, No — No = 0.0039 for 667 mi*; No *= 

F. Zambonini; Bull, Soc. Fr. Min,, XXXVIII, 1915, p. J06. 

Described as positive, but the indices make it negative. 



SULPHATES, ETC. 


223 


1.9210, N« = 1-9258, Ne — No = 0.CX548 for 570 m/i; No = 1.9290, 
No = 1-935°, No — No = 0.0060 for 533 m/x. With 39.7 per cent 
Ce2(Mo04)3: No = 1-937, N„ = 1.940, N. — No = 0.003 for 667 ran; 
No = 1-952, No = 1-956, No — No = 0.004 for 57° him; No = 1.958, 
No = 1.963, No — No = 0.005 for 533 mM- Color yellow. Made from 
fusion with NaCl at 1200° C. 

CaS04 seems to have two crystal phases; the stable low tempera¬ 
ture phase is orthorhombic with a : b :c = 0.893 • ^ • i-ooi- Crystals 
varied in habit with perfect 001 and 010 and distinct 100 cleavages. 
H. = 3 . G. = 2.93. Soluble in HCl. Fuses at 1450° C. after inver¬ 
sion at 1195° C. The optic plane is 010; Z = a. On natural crys¬ 
tals: (-h) 2V = 42°, No = 1.614, No, = 1.576, Np = 1.571, No - Nj, 
= 0.043. Colorless. The natural substance, called anhydrite, is usually 
associated with halite and gypsum. 

Anhydrite inverts at 1195° C. to a phase described as monoclinic, 
which has lamellar twinning like plagioclase and '•'’No = 1.56, Nm = ?, 
Np = 1.50, No — Np = 0.06. Colorless. Unlike anhydrite this phase 
is soluble in water. 

BaS 04 is orthorhombic with a : b : c — 0.815 : i : 1.314. Crystals 
nearly equant (with 01.1, 110,001,102, 100, in) or 001 tablets bounded 
by 110, or columnar parallel to a or to b. See Figs. 229, 230. Perfect 



Fig. 229. 
Figs. 229, 230.—< 




Fig. 231.—Optic orienta¬ 
tion of BaS04, barite. 


001 and no and imperfect 010 cleavages with a prismatic cleavage 
angle of ^ 8 ° 22'. Twiiming on 100. H. =3. G. = 4.5. Fuses at 
1580® C. after inversion at 1149° C. Insoluble in adds. The optic 

13 Very full data given by R. Kolb: Zeit, Kryst.^ XLIX, 1911, p. 24. 

W. Grahmann: ZeU, anorg. Chem,, LXXXI, 1913, p. 257; N. Jahrb, Min., 1920, 
I, p. I. 

i« C Gaudefroy: Bull. Soc. Fr. Min., XLII, 1919, p. 284. 
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plane is oio; Z => a. (+) aV = 37® 28' D; 2E =» 62® 34' C, 63® 
12' D, 64® 10' E. Indices as measured by C. C. Wang at the Univer¬ 
sity of Wisconsion on artificial crystals: N» = 1.645 C, 1.647 D, 1.651 F, 
Nm * 1-634 C, 1.636 D, 1.641 F, Np = 1.632 C, 1.634 D, 1.638 F; 
Np — Np = 0.013 D. The natural substance is called harite. 

ZnS04 is orthorhombic; crystals rectangular, or rhombic 001 
plates. G. = 3.7. Alters on exposure to air. The optic plane is 
said to be 010, but X bisects acute angle (62®) of 001 plates of rhombic 
outline; Z = c. (—) 2V = small,1® p < » strong. Nj = 1.670, Nm = 
1.669, Np = 1.658, Np — Np = 0.012. Made by dissolving zinc in 
concentrated H2SO4 and evaporating to dryness. Color white. The 
natural substance, known as zinkosile, is reported in Spain. Very 
rare. 

CUSO4 is orthorhombic with a :b : c = 0.797 • ^ Crys¬ 

tals tabular pseudohexagonal; effloresces slowly in air, changing to 
chalcanthite. ( —) 2V = large, p> v, extreme. N, = 1.739, Nm = 
1.733, Np = 1.724, N„ — Np = 0.015. Color pale green, bluish 
white, etc. Impure crystals may be violet and pleochroic with 
Z = darkest violet. Recrystallization may give colorless crystals. 
Made from hot concentrated acid solution. The natural substance, 
known as hydrokyanite, is found at Vesuvius. Very rare. 

Pb3Cr20g (?) is probably orthorhombic with one perfect cleavage 
and tabular habit. H. = 3-3-5- G. = 5.75. Soluble in HCl. “Scar¬ 
let lead chromate” pigment is apparently this compoimd; in it X is 
parallel to the elongation and Z is normal to the rectangular plates. 
(—) 2V = small; N, = 2.57-2.62 Li, Nm = 2.57 Li, 2.7 Na, Np == 
2.42 Na. X = orange-yellow; Y, Z = orange-red. 

MgW04 is monoclinic and isomorphous with wolframite with 
a :b : c = 0.826 : i : 0.870, == 89® 40'. The optic plane is 010 and 

extinction on 010 is at 4J®. 2V = large. Refringence very high; 
Np — Np = extreme. 

CU2SO5 is monoclinic with a :b :c — 1.323 : i : 1.203, ^ — 1 ^” 29'. 
Crystals elongated parallel to b with perfect 001 cleavage. Fusible. 
Soluble in HNO3. The optic plane is 010; X is nearly normal to 001. 
(—) 2V = large, p> v distinct. Nm = i-777 ± 0.005, Np — Np «= 


E. S. Larsen: U, S. GeoL Surv, Bidl. 679,1921, p. 159. 

E. Merwin: Am, Mineral,^ VI, 1921, p. 125; E. Posnjak and G. Tunell: 44m. 
Jam, Set,, CCXVIII, 1929, P- 1. 

H. E. Merwin: Proc, Am. Soc. Test. Mat,, XVII, 1917, pt. 2. 

Zeit. Kryst., LXVII, 1928, p. 163. 
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Strong, as measured on crystals made by A. Vaughn Winchell by 
heating CuO and CUSO4 in an earthenware crucible by means of 
thermite. Color brown with X or Z = lemon yellow, Y = orange to 
reddish brown. The natural substance, known as dolerophanite, forms 
as a sublimate at Vesuvius. 

5. HYDROUS SULPHATES, ETC., OF DIVALENT BASES 

BeS04-41120 is tetragonal with c = 0.946. Crystals pyramidal 
with no distinct cleavage. Twinning common on loi, cruciform or 
lamellar. G. = 1.73. Uniaxial negative with No = 1.4691 C, 
1.4720 D, 1.4779 F, No = 1.4374 C, 1.4395 1 - 445 ° F. No - No = 

0.0325 D. Wulfi gives No — N, = 0.0392. Colorless. Made from 
H2O solution. May take BeSe04-4H20 in crystal solution up to 12 
per cent with little effect on the properties. 

NiS04-6H20 is tetragonal with c = 1.912; crystals pyramidal, 
as in Fig. 232, or thick 001 tablets with 
perfect 001 cleavage. G. = 2.07. Uniaxial 
negative with No = 1*5078 C, T.5109 
D, 1.5173 F, No = 1.4844 C, 1.4873 D, 

1.4930 F, No — Nc = 0.0236 D. Color 
emerald green. Made from H2O solution . 

® riG. 232. —Unit and diametral pyr- 

at about 35° C. Crystallizing from solu- amids and base, NiSO.-bHA 

tion at about 6o° C., the form is mono¬ 
clinic with a :b : c — 1.372 : i : 1.676, /3 = 81° 43'; crystals prismatic 
basal tablets without cleavage; the optic plane is 010; X is nearly 
normal to T02 or X A c = 26° 17'; (—) 2H = 19° 25', p> v; color 
emerald green. 

C0SO4-6H2O is probably tetragonal, being uniaxial negative 
with No = 1.495, N, = 1.460, No — Ne = 0.035. “ mass; 

faintly pleochroic in pink. The same compound is monoclinic when 
crystallized at about 45° C. from H2O solution. Crystals prismatic 
with 001. G. = 2.0. The optic plane is 010, X is nearly normal to 
To2. (—) 2H = 8°, p > » with weak inclined dispersion. 

NiSe04‘6H20 is tetragonal with c = 1.836; crystals from cold 
solutions are basal tablets and from hot solutions are acute pyramidal 
with perfect 001 cleavage. G. = 2.31. Uniaxial negative with No = 
I-S 3 S 7 C, 1.5393 D, 1.5473 r'> N. = 1.5089 C, 1.5125 D, 1.5196 F, 
No ~ N, * 0.0268 D. Made from H2O solution. 

^ZeU, Krysi,, XVII, 1890, p. 592. 

^ E. S. Larsen and M. L. Glenn; Am. Jour. Sci., CC, 1920, p. 225. 
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ZnSe04-6H20 is tetragonal with c = 1.895, of similar habit, with 
perfect 001 cleavage. G. = 2.33. Uniaxial negative with N„ = 
1.5255 C, 1.5291 D, 1.5367 F, N. = 1.5004 C, 1.5039 1-5108 F, 

No — N« = 0.0183 Colorless. Made from H2O solution at 
about 15° C. 

CaS04-11120 is probably hexagonal; crystals six-sided prisms 
with G. = 2.55. Uniaxial positive with No = 1.55 or slightly less. 
No = 1.57, No — No = 0.02 or slightly more. Colorless. As made by 
partial dehydration of gypsum at about 120° C. it is acicular with silky 
luster. According to Ramsdell and Partridge most of the water 
can be expelled by heat from CaS04-5H20 without destroying the 
crystal structure and without essentially changing the properties; 
such dehydrated material will take on water again at the first 
opportunity just as dehydrated zeolites will; such dehydrated 
material is different in crystal structure and optical properties from 
anhydrite (CaS04); it should therefore be called dehydraled hetni- 
hydrale rather than “ soluble anhydrite.” CaS04-11120 is plaster of 
Paris. 

BeSe04-41120 is orthorhombic with a : b : c 0.960 : i : 0.903. 
Crystals macrodomatic columnar with no good cleavage. Cruci¬ 
form twinning on no. G. = 2.03. The optic plane is 100; X = c. 
( —) 2V = 26° 43'. Nb = 1.4992 C, 1.5027 D, 1.5101 F, Nm = 1.4973 
C, 1.5007 D, 1.5084 F, Np = 1.4637 C, 1.4664 D, 1.4725 F, Nb - Np = 
0.0363 D. Colorless. Made from H2O solution. May take 
BeS04 - 4H2O in crystal solution to at least 60 per cent with very little 
change in optic properties. 

MgS04-7H20 is dimorphous; the usual phase is orthorhombic 
sphenoidal with a : b : c = 0.99 : i : 0.57. Crystals usually prismatic 
terminated by one (or more) sphenoids. See Figs. 233, 234. H = 2.5. 
G. = 1.68. Distinct 010 and indistinct loi cleavages. Soluble in 
H2O. The optic plane is 001; X = b. ( — ) 2V = 51“ 25', p > v weak. 
Nb = 1.4583 C, 1.4608 D, 1.4657 F, Nm == 1.4530 C, 1.4554 D, 
1.4607 F, Np = 1.4305 C, 1.4325 D, 1.4374 F, N, - Np = 0.0283 
Rotates the plane of polarization 2.6° (per mm. thickness) for Na light. 
Colorless. The natural substance is known as epsomile. 

Orthorhombic MgS04-7H20 is miscible in all proportions with 
NiS04-71120 with rectilinear variation of Np,.^® It is also miscible 
in all proportions with ZnS04 • 7H2O with rectilinear variation of all 

“ Am. Mineral. XIV, 1929, p. 59. 

** Dufet: BvU. Soc. Fr. Min,., I, p. 58. 
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three indices of refraction fin terms of volume or molecular 
composition). 

A second phase of MgSO.i -71120 is monoclinic with a:b :c = 
1.22 : 1 : 1.58, /3 = 75° 36'. Crystals pseudorhombohedral and iso- 
morphous with FeS04-71120, with which it is miscible probably in 
all proportions and certainly to at least 40 per cent, but optic data are 
lacking. 

NiS 04 - 7 H 20 is orthorhombic sphenoidal with a :b : c = 0.982 : 
I : 0.566. Crystals columnar to fibrous prismatic aggregates with 
perfect 010 cleavage. H. = 2-2.5. G. = 1.95. F. = 7. The optic 
plane is 001; X = J. ( —) 2V = 41° 54', p> v weak. N,, = 1.4923 D, 
= 1.4893, Np = 1.4693, Np — Np = 0.023. Also N„ = 1.4921 D, 
Nm = 1.4888 1), 1.4949 I*', Np = 1.4669 D, 

N, — Np = 0.0252 D. Color apple green. 

Made from H2O solution. The natural sub¬ 
stance, called morenosite, occurs as an efflo¬ 
rescence on nickel sulphide ores; rare. 

ZnS04-7H20 is orthorhombic with 

wo 

lib iio| 

fio. 233 - tie. 234. PiQ —Optic orienta- 

I-'lGS. 233, 234,—Crystal habits of MgS04-7HjO. tion of MgS04-7H20. 

a:b:c = 0.981 : i :0.563. Crystals acicular to hair-like in tufts with 
perfect 010 cleavage. H. = 2. G. = 2.0. Dehydrates in dry air. 
The optic plane is 001; X = b. (—) 2V = 46° 14', p> v weak. 
Np = 1.4812 C, 1.4836 D, 1.4897 F, N„ = 1.4776 C, 1.4801 D, 1.4860 
F, Np = 1.4544 C, 1.4568 D, 1.4620 F, Np — Np = 0.0268 D. Color¬ 
less. Made from H2O solution below 30° C. Miscible in all pro¬ 
portions with MgSOi • 7H2O. The natural substance, called goslarite, 
forms by oxidation and hydration of sphalerite, being precipitated 
from solution by evaporation in mine galleries; rare. 

(Zui Fe)S04-7H20 with Zn : Fe == 2 : i is biaxial and ortho- 

“ M. W. Porter: Zefl. Kryst., LXXV, 1930, p. 288. 

“ C. Andreatta: Atti R. Accad. Lincei, O. Set. 6, XI, 1930, p. 760. 
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rhombic (?) with (+) 2V = 78® 48', N, = 1.4867, N„ « 1.4785, 
N, = 1.4709, N® — Np = 0.0158. 

MgCr04-71120 is orthorhombic sphenoidal with a :b :c = 0.990: 
I : 0.574. Crystals columnar prismatic with perfect 010 cleavage. 

G. = 1.69. The optic plane is 001; X = ft. (—) 2V = 75“ 28', 
p <v. Ne = 1.5633 C, 1.5680 D, Nm = 1.5415 C, 1.5500 Np = 
1.5131 C, 1.5211 D, Np — Np = 0.0469 D. Made from H2O solution. 

3 CuO. SO3-21120 is orthorhombic with a : ft : c = 0.504 : i : 0.687. 
Crystals domatic with perfect 010 cleavage. H. =3. G. = 3.9. 
The optic plane is 001; X = ft; optic axes nearly normal to the prism 
faces. (+) 2V = 53° (indices) ,2® p <v strong. Np = 1.789, Nm = 
1.738, Np = 1.726, Np — Np = 0.063. Green with X = yellowish- 
green, Y = bluish-green, Z = green. The natural substance is called 
anilerite. 

4CUO-803-31120 is orthorhombic with a : ft : c = 0.774 : i : 0.487. 
Crystals prismatic, vertically striated, with perfect 010 cleavage. 

H. = 4. G. = 3.9. F. = 3.5. Soluble in HNO3. The optic plane 
is 100; X = ft; positive elongation. (—) 2V = 77° (from indices),^® 
p <v moderate. Np = 1.800, N™ = 1.771, Np = 1.728, N, — Np 
= 0.072. Color emerald green with X = bluish-green (Ridgway’s 
39'd), Y and Z = bluish-green (Ridgway’s 37M). Artificial crystals 
determined by measuring indices. The natural substance is called 
brochantite. 

MgS04-H20 is monoclinic with a :b : c = 0.915 : i : 1.745, j 3 = 
88° 53'. Crystals acute pyramidal with perfect iiT and 113 and less 
distinct in, loi, and 012 cleavages. H. = 3.5. G. = 2.57. Slowly 
soluble in H2O. The optic plane is 010; Z A c = 4-76° 25'. (-f) 2E 

= 90° 42' red, 90° o' yellow, 89° 16' blue. 2V = 57°, p> v distinct. 
Artificial crystals identified by optic measures. Np = 1.586, N* = 
1-535, Np = 1.523, Np — Np = 0.063 (nat. cryst.). Colorless. The 
natural substance is called kieserite. 

MnS04-H20 is probably monoclinic with one perfect cleavage. 
H. = 1.5. G. = 3.15. F. = 7. The optic plane and Z are normal 
to 010; Y Ac — large, with marked dispersion. Negative elongation. 
(-1-) 2V 21 =r nearly 90°. Np •= 1.632, N« - 1.595, Np = 1.562, 
Np — Np = 0.070. Color white to pink. Made from solution. The 
natural substance, called szmikite, has Np =» 1.62, N« = ?, Np » 1.57 
as foimd in Hungary. 

** £. Posnjak and G. Tunell: Am, Jow. Set,, CCXYUl, igag, p, i, 

W. C. Blasdale and H. L. Robson: Jour. Am, Chem. Soe,, L, 1928, p. 35, 
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CoS 04,*H20 is probably monodinic, having ind'ned extinction. 
(-) aV = nearly 90", N, = 1.683, N« = i-639» = 1.603, N^, - N, = 

0.080 as formed in a desiccator from C0SO4- 61120 . The mono¬ 
hydrate formed by evaporation on a steam bath has N® = 1*645, 
Np = 1.600 and negative elongation. 

CUSO4 •H2O is biaxial,^® but of imknown symmetry. (—) aV = 75® 
(indices), p <v. N, = 1.699, Nm = 1.671, Np = i.6a6, Np — Np = 
0.073. Bluish-white in mass; colorless in section. 

MgS04-5/41120 is probably monodinic in twinned diamond¬ 
shaped crystals with N, = ?, Nm = i-530, Np = 1.51a. Colorless. 

MgS04-2H20 forms fine radiated masses with Nm = i-493- A 
substance given as MgS04 - 3H2O (?) is perhaps the same. It is biaxial 
negative with Nm = 1.490 ±. 

CaS04-2H20 is monodinic with a :b : c = 0.6899 : i : 0.41 a4, 
/3 = 80° 42'; crystals usually simple in habit, commonly tabular par¬ 
allel to 010 as in Fig. 236 or prismatic to acicular parallel to c with per¬ 
fect 010 and imperfect 100 and In cleavages. Twinning on 100 com¬ 
mon in arrow-head forms, as in Fig. 237. H. = 2. G. = 2.32. F. = 



Fro. 236.— crystal habit Fig. 237.—Gypsum crystal Fig. 238.— Optic orientation 
of CaS04 *21140. twinned on 100. of CaS04- 2H2O, gypsum. 

2.5-3. Soluble in HCl. The optic plane is parallel with oio at 
ordinary temperatures with Z A c = +52^®. The optic angle varies 

** E. S. Larsen and M. L, Glenn: Am. Jour. Set., CC, 1920, p. 225. The indices require 
a positive sign. 

•• H. L. Robson: Jour. Am. Chtm. Soc.y XLIX, 1927, p. 2772. 

E. V. Shannon: Proc. U. S. Nat. Mus., LXXTV, 1928, Art. 13. 
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rapidly with the temperature from about 95° for 2E at 20° C to 0° at 
about 91° C. and an optic angle in a plane normal to 010 at higher 
temperatures; at the same time the dispersion changes from p> v 
with strong inclined dispersion at 20° C. to p < v with horizontal dis¬ 
persion at 120° C. (-f) 2V = 58° 5' Na, N, = 1.5296, N*. = 1.5226, 
Np = 1.5205, Nj — Np = 0.0091. Colorless. It loses three-fourths of 
its water at 128° C. (forming “plaster of Paris" which has No = 1.55 
±,Nc = 1.57, N« — No = 0.02) and the remainder above 163° C.; when 
heated above this temperature is apt to be “ dead-burned ” and 
not useful as plaster; such material has No = 1.50, No = 1.56, No — 
No = 0.06. Natural CaS04-21120 is known as gypsum-, in nature it 
may dehydrate to anhydrite or be formed by hydration of the latter. 
G)^sum forms occasional extensive beds in sedimentary rocks, espe¬ 
cially with limestone; it is often associated with halite as a product of 
evaporation of salt lakes, estuaries, etc. It is also found about vol¬ 
canoes. It may be formed by the decomposition of sulphides, such as 
pyrite, in the presence of lime. It has characteristic crystal forms, one 
perfect cleavage, is soft and hydrous, and has slight negative relief, 
weak birefringence, and strong inclined dispersion about the positive 
bisectrix of the medium optic angle. 

CdS04-8/3H20 is monoclinic with a :b :c = 0.799 • ^ :0.690, 
/S = 62® 2'. Crystals 001 plates more or less elongated parallel to a 
with perfect 010 cleavage. G. = 3.05. The optic plane and axis 
X are normal to 010; Zac = -1-76° 14'red, 77° 3'blue; (—) 2V = 
87° 57' red, 88° 9' Na, 88° 23' blue, p > v weak; Nm = 1.563 red, 
1.565 Na, 1.576 blue, N, — N, = ? Made from H2O solution. 

CUSO4-31120 is monoclinic with a :b :c = 0.432 : i : 0.552, 
/S = 83° 35'. Crystals short prismatic with distinct 010 cleavage and 
100 twiiming. Optic orientation unknown, (-f) 2V = 75° (indices) 
without perceptible dispersion. N, = 1.618, Nm = 1.577, N, = 
1.554. Np — Np = 0.064. Blue; colorless in section. 

MgS04-4H20 is monoclinic with a :b :c = 0.45 : i : ?, /3 = 89° 
49'. Crystals short prismatic with good 100 and 010 cleavages.^® 
Optic plane andZ normal to 010; X A c = -+81°. Strong horizontal 
dispersion. (-|-) 2V = 50°, p> v. N, = 1.497, Nm = 1.491, N, = 
1.490, Np — Np = 0.007. The angle no : iTo = 48° 40' is observed 
readily. 

FeS04.4H20 is monoclinic®* with a :b :c = 0.438 : i : 0.587, 


•* R. Scharizer: FesUehr. V. Goldschmidt, 1928, p. 263; N. J. Min., 1928, 1 , p. 302. 
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j8 « 89° 29'. Crystals short prismatic with rather perfect 010 cleav¬ 
age. Distinct striations on 001 and on. G. = 2.28. The optic 
plane and Z are normal to 010. (—) 2V = very large. Horizontal 

dispersion. N, = ?, N„ = 1.535, = I-S 33 . Nj - Np =* ? Color 

pale green. Made from H2O solution at about 80° C. 

MnS04-4H20 is monoclinic with a :b :c = 0.432 : i :0.582, 
= 89° 7'. Crystals short prismatic or 001 plates elongated parallel 
to a. Perfect 010 cleavage. G. = 2.26. The optic plane is 010; 
ZAa = 5°, ZAc = -1-85° 48' Li, 84° 8' blue. (—) 2E = 105® 45' Na, 
p > V weak; 2V = 63®. N,*® = 1.522, Nm = i-Si8, Np = 1.508, 

Nj — Np = 0.014. Color pink. Made from H2O solution at about 
45 ° C. 

MgS04-6H20 is monoclinic with a :b :c = 1.404 : i : 1.668, 
jS = 81® 26'. Crystals thick 001 tablets or prismatic with no cleavage. 
G. = 1.75. F. = 7, but exfoliates. The optic plane is 010; 
X A c = —25°; X is nearly normal to T02. (—) 2H = 28°, p > v; 

2V = 29° ±. = 1.465, N„. = 1.463, Np = 1.438, Np - Np = 

0.027. Color white, slightly greenish. Made from H2O solution 
above 35® C. The natural substance, called hexahydriie, is very rare. 

MgSe04-6H20 is monoclinic with a :b : c = 1.385 : i : 1.685, 
/3 = 81® 28'. Crystals thick basal tablets with perfect loT cleavage. 
G. = 1.93. The optic plane is 010; XAc = —27®. ( —) 2V = 28® 

12', p> V strong. Np = 1.4911 D, N™ = 1.4864 C, 1.4892 D, 
1.4965 F, Np = 1.4856, Np — Np = 0.0055. Made from H2O solu¬ 
tion at ordinary temperature. 

CoSe04-6H20 is monoclinic with a :b :c = 1.371 : i : 1.682, 
/3 = 8r° 46'. Crystals thick 001 tablets or short prismatic with perfect 
loT cleavage. G. = 2.18. The optic plane is 010; XAc = —34°42'. 
(-) 2V = 7® 13', p > », Np = 1.5227 Na, N„ = 1.5183 Li, 1.5225 Na, 
.'. Np = 1.47 and Np — Np = 0.05. Made from H2O solution above 
15 ° C. 

FeS04-7H20 is monoclinic with a :b :c = 1.183 • ^ * i*S43> P — 
75® 45'. Crystals nearly equant as in Fig. 239 and varied with perfect 
001 and distinct no cleavages. H. = 2. G. = 1.90. F. = easy. 
Dehydrates in dry air. The optic plane is 010; ZAc = —62®. 
(+) 2V = 85® 27', p> V weak with weak inclined dispersion.®^ 
Np = 1.4824 Li, 1.4856 Na, Np, = 1.4748 Li, 1.4782 Na, 1.4861 blue, 
N, = 1.4681 Li, 1.4713 Na, Np — Np = 0.0143 Na. Color green to 
white; becomes yellow by alteration to copiapite. The natural sub- 
Akad. Wiss. Wien, LVI, 2,1867, p. 63. 
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stance, called melanterite, is formed by oxidation and hydration of iron 
sulphide. 

(Fe, Cu) S04-7H20 is monoclinic with a :b :c = i.6i : i : 1.511, 
(3 = 74® 38'. Crystals tabular with perfect 001 cleavage. H. == 2.5. 
G. = 1.9. F. = 3.5. Loses water in dry air. Optic plane is 010; 
XAc= +22°. (+) 2V = very large with weak dispersion. Crystals 
may show hour-glass structure. Ng = 1.487, Nm = 1.479, N, = 
1.472, Ng — Ny = 0.015. Color pale blue. Made from H2O solu¬ 
tion at 4° C. The natural substance, called pisanile, is found in 
copper mines. Rare. 

CuS 04-7H20 is monoclinic with a:b:c = 1.162 : i : 1.500, 
/3 = 74° 24'. Crystals fibrous with 001 cleavage. H. = 2.5. G. = 
1.94. Unstable under ordinary conditions, changing to chalcanthite. 
Optic plane is 010; Z near a. Biaxial positive with indices very near 
those of pisanite. Optic sign negative (Lacroix).®® Color pale blue; 

colorless in section. The natural substance, called 
boothite, is foimd in copper mines having damp air. 
Very rare. 

CoS 04-7H20 is monoclinic with a:b:c — 
1.182 : I : 1.533, jS = 75° 20'. Crystals complex 
tabular parallel to loT. Perfect 001 and distinct 
no cleavages. H. = 2. G. = 1.96. F. = easy. 

Fig. 239.—a crystal Loses water in dry air. The optic plane is 010 
habitofFeSOrrHiO. (Lacroix);®® X A c = -I-29'’ 18' (Porter).®* (—) 
2V = 88®, p <v, weak. N, = 1.489, N,„ = 1.483, 
N„ = 1477, N, — Np = 0.012 (Larsen).*® Also N, = 1.4885 Na, 
Nm = 1.4820, Np = 1.4748, N, —^Np = 0.0137 (Porter).®* Color 
carmine, slightly pleochroic in pink tints. Made from H2O solu¬ 
tion at 23® C. The natural substance, called bieberite, is foimd about 
mines. Very rare. 

3Cu 0-2S03-5H20 is triclinic®® with a :b :c — 0.78 : i : 1.076, 
a = 103® 4', jS = 99° 7', 7 = 104° 48'. Crystals prismatic tabular 
with perfect 010 and 001 and good 100 and Toi cleavages. Z' A c = 
-f-i9i® on 010; Z'Aa = -1-27° on 001. (—) 2V = 87® (indices), 

p> V extreme. N, = 1.641, N„ = 1.623, Np =* 1.601, N, — Np » 
0.040. Green with X = greenish-yellow, Y = green, Z = bluish-green. 

. MgS04-51120 is triclinic with a :b '.c - 0.602 : i : 0.561, o * 81® 
30', § * 109® o', 7 = 104® 55'. Crystals vertically elongated with 
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** Mineral, France, IV, 19x0, p. 227, 

** Festsch. V. Goldschmidt, 1928, p. 210. 
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loo and iiT prominent but with no distinct deavage. G. — 1.72. 
Unstable in air. The optic plane 2* and X are nearly normal to 010; 
(-) 2V = 45° 8', p <v. N, = 1.493, N„ = 1.492, Np - 1.482, 

N, — Np = o.oii. Colorless. Made from H2SO4 solution. 

CUSO4-51120 is triclinic with a :b :c — 0.572 : i : 0.557, ^nd 

a = 97° 44', ^ = 107° 26', 7 = 100° 40', Tutton.®-’’ Crystals com¬ 
monly short prismatic, as in Fig. 240, flattened parallel to iiT with 
imperfect no, iTo and iiT cleavages. H. = 2.5. G. = 2.28. F. = 
3. The negative acute bisectrix X lies between +a, —b, and -l-c; 
according to Pape it makes angles of 98^ 43 1 “, and 73 ° with normals 
to no, iTo and iiT. According to Wulff 7 makes angles of i2|°, 
53!°, and 67° with normals to no, iTo, and nl. Z makes angles of 
12J®, 46^°, and 46^° with normals to the same faces, 
on a glass slide by evaporation of an aqueous 
solution all lie®® on the face Tio (or iTo), the 
plane angle of which is 57°; the crystals are 
oblique to an optic axis; the optic plane makes an 
angle of 75° with one side of the rhomb in the obtuse 
angle thereof. ( —) 2V = 56° 2', p < v weak with 
crossed and strong inclined dispersion. N, = 

1.5431, N„ = 1.5381, Np = 1.5120, Np - Np = 

O. 0311. According to Merwin^® N, = 1.5434 D, f'lc. 240 —crystal 
N. - I.S 337 C, 1.5368 D. ..5438 F, N. - ..5.4.. 

— Np = 0.0293 Color blue; nearly colorless in section. 

Made from H2O solution. The natural substance, called chal- 
canlhilCf forms by alteration of copper ores, 

FeS04-51120 is triclinic with a :b :c - 0.596 : i : 0.577, a = 
81° 23', = 110° 28', 7 = 105° 33'. Crystals short prismatic to 

acicular. H. = 2-3, G. = 2.2. F. == 3. (—) 2V = moderate, p> v 
weak. Ng =» 1.542, Nm = 1.536, Np = 1.526, N^, - Np = 0.016. 
Color bluish green, pale green, white. Made from H2O solution. The 
natural substance, called sideroHly is a common alteration product of 
melanterite. 

(Zn, Cu)S 04-5H20 is similar-^ G. = 2.1. ( —) 2V— moderate. 

" The orientation used here is that of Tutton modified by rotation of 180° on an 
axis normal to 010 so that the b axis may incline downward to the right. 

^^Pogg. Ann. Erg. Bd., VI, p. 35; Int. Crit. Tab., VII, 1930, p. 21. 

^ Groth: Chem. Kryst., 11 , 1908, p. 420. 

*• J. Melon: BtiU. Soc, Fr. Min., XLVII, 1924, p. 141. 

L. Weber: Tables Ann. Inter. Const., V, 1923. 

*“/«/. Crit. Tables, VII, 1930, p. 21. 
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Ne = 1.540°, N„ = 1.53J, Np = 1.513, Np - Np = 0.027. Color 
pale blue; nearly colorless in section. 

C0SO4.51120 is similar.-' H. = 2-3. G. = 2.2. F. = 3. (—) 2V 
= moderate, dispersion not strong, N„ = 1.550, N« = 1.548, Np = 
1.530, Np — Np = 0.020. Color rose-pink. Made from H2O solu¬ 
tion. 

MnS04SH20 is triclinic with a :h :c = 0.589 : i : 0.569, 
a = 81° 37', /3 = 110° 5', 7 = 104° 59'. Crystals nearly equant, 
acicular parallel to c, or lamellar parallel to 100. Imperfect on 
cleavage. H. = 2-3. G. = 2.1. F. = 3. Y nearly normal to plates 
in which extinction is at 15° to length. ( —) 2V = rather large, with 
p> V. Np = 1.514, N,„ = 1.508, Np = 1.495, Np - Np = 0.019. 
Color pale pink. Made from H2O solution at 23° C. in a desiccator 
under reduced pressure. 

CuSe04 -sHoO is triclinic with a : l> : c = 0.568 : i : 0.555, a = 98° 
2', /S = 106° 34', 7 = 103° ii'. Crystals .short prismatic, vertically 
striated like chalcanthite. G. = 2.56. Bolland ■" measured on “ cop¬ 
per selenate ” of unknown formula: Ni = 1.565, N2 = 1.56; sign —, 
and extinction angle = 34°. Color red. Made from H2O solution. 

6 . ANHYDROUS SULPH.YTES, KTC., OF TRIVALENT BASES 

Nd2(Mo04)3 is tetragonal " with c = 1.548. Crystals pyramidal. 
G. = 5.14. F. = 1176° C. Uniaxial negative with N® = 2.0052, 
Ne = 2.0038 for 667 mp; No = 2.0239, N* = 2.0218, No — N* = 
0.0021 for 570 m/x; No = 2.0313, No = 2.0293 for 533 mp. Color 
violet. Made from fusion. 

Pr2(Mo04)3 is tetragonal “ with c = 1.544. Crystals pyramidal. 
G. = 4.84. F. = 1030“ C. Uniaxial negative with No = 1.990 for 
667 m/i, 2.007 foJ' 57*^ and 2.016 for 533 mp, No — No = weak. 
Color grass green. Made from fusion. 

Di2(Mo04)3 is tetragonal “ with c = 1.549. Crystals pyramidal or 
001 tablets. G. = 4.96. F. = 1125® — 1144° C. Uniaxial negative 
with N == 2.008 B, 2.026 D, 2.039 E, No — N* = weak. Made from 
fusion. 

Y2(Mo 04)3 is tetragonal “ with c = 1.542. Crystals pyramidal 
with 001. Distinct 001 cleavage. G. = 4.79. F. = 1347® C. Uniaxial 
positive with N* = 2.013 ior 667 rap, 2.031 for 570 mp, and 2.043 
533 mp, N, — No = very weak. Also slightly biaxial with 2E = 10® 

SUz. Akad. Wiss. Wien^ CXIX, 1910, p. 275. 
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or less. Also orthorhombic with perfect ooi and distinct no cleav¬ 
ages. Color white or yellowish. Made from fusion. 

Ce2(Mo04)3 is tetragonal “ above 900° C. with c = 1.562. Crys¬ 
tals pyramidal. G. = 5.03. F. = 970° ± C. Uniaxial negative with 
No = 2.0185, No = 2.0067 for 667 m^; No = 2.0403, N, = 2.0277, 
No — No = 0.0126 for 570 mN o = 2.0512, No = 2.0375 for 533 m/n. 
Color orange to red; yellow in powder. Made by heating to about 900° 
C. Metastable at 0° C., the stable form being orthorhombic and dark 
green, not measured optically. 

Fe2(S04)3 is rhombohedraH^ with c = 1.35. Crystals flattened 
rhombohedrons with rhombohedral cleavage. Stable above 130'’ C. 
Uniaxial negative with No = 1.756 C, 1.770 D, 1.809 F, No = 1.746 C, 
1.760 D, 1.798 F, No — No = 0.010 U. Colorless or grayish yellow. 
Made in a steel bomb at moderate temperatures. 

Fe2(S04)3 is also orthorhombic •*- with a : b :c = 0.957 • ^ • ^-357 • 
Crystals 001 tablets bounded by 010, no, in, loi and 100. Stable 
above 130° C. The optic plane is 100; X = c. (—) 2V = 60°, 
Nj = 1.803 1.818 D, 1.861 F, Nm = 1.799 C, 1.814 1.857 

Np = 1.787 C, 1.802 D, 1.844 F) Nb — Np = 0.016 D. Color 
grayish yellow. Made in a steel bomb at moderate temperature. 

7. HYDROUS SULPHATES, ETC., OF TRIVALENT BASES 

Cr2(S04)3-i8H20, as obtained commercially, is granular and 
apparently amorphous with^"* N = 1564 ±0.003 Na. Color dark 
green. No crystals were obtained by evaporation of a solution of the 
salt and no X-ray pattern was obtained using the powder method. 

La2(S04)3-9H20 is hexagonal with c = 0.736. Crystals long pris¬ 
matic without cleavage. G. = 2.82. Uniaxial positive with No = 
1.564, N« == 1.569, Ne — No = 0.005. Made from solution. 

3Fe203'4S03-9H20 is rhombohedral with c = 1.14. Crystals 
rhombohedral (nearly cubic) with no good cleavage. Uniaxial nega¬ 
tive with No = 1.799 1.816 D, 1.865 F, No = 1.718 C, 1.728 D, 

*•755 F, No — No = 0.088 D. Color orange yellow with X = clear 
yellow, Z = dark yellow. Closely related to, if not identical with, 
carphosiderile. Made by heating a 25 per cent solution of ferric sul¬ 
phate to 150“ C. 

Fe203'2S03-H20 is orthorhombic; crystals prismatic fibrous. 

“E. Posojak and H. E. Merwin: Jour. Am. Chem. Soc., XLIV, 1922, p. 1965. Also 
R. Schbrizer: Zeii. Kryst., LXV, 1927, p. 335. 

“ V. A. Vigfusson—^personal communication, Dec. 18, 1930. 



236 


ARTIFICIAL INORGANIC SOLID SUBSTANCES 


Z parallel to elongation. (+) 2V = small. N, * 1.897 C, 1.918 D, 
1.968 F, N„ = 1.790 C, 1.804 D, 1.844 F, N;, = 1.772 C, 1.783 D, 
1.814 Fj Nj — Np = 0.135 Color orange yellow with X and Y = 
colorless, Z = clear yellow. Made in a steel bomb. Stable above 
about 80® C. to at least 200° C. 

Fe203-4S03 9H20 is orthorhombic with a : h : c = 0.563 : i 
0.940. Crystals platy with perfect basal and distinct prismatic cleav¬ 
ages. The optic plane is 100. X = c. (-|-) 2V = small. Np = 1.626 
C/® 1-635 1.657 F,Nn. = i.54.'5C, 1.550D, 1.564 F,Np = 1.529 C, 

I-S33 D, 1.545 F, N, — Np = 0.102 D. Color red with X = light 
purple, Y = Z = very clear yellow, colorless or pink. Loses water in 
stages over sulphuric acid. Deliquesces in moist air. Made from 
solution. The natural substance, called rhomboclase, is found in 
Himgary. Very rare. 

2Fe203-sS03-i7(?)H20 is orthorhombic with a : b : c = 0.81 
: 1 : ?; crystals tabular with distinct 010 and 001 cleavages. H. = 2.5. 
G. = 2.1-2.2. F. = 4.5-5. The optic plane is 010; X = c. (-f) 2V 
= 52°, Np = 1.589 C, 1.597 1-620 F, Nn. = 1.541 C, 1.546 D, 

1.559 F, Np = 1.527 C, 1.531 D, 1.542 F, Np - Np = 0.066 D. 
Color greenish yellow with X = colorless, Y = light grayish yellow, 
Z = bright yellow. Made from H2O solution below 90® C. The 
crystals appear to be monoclinic due to unequal development of prism 
faces. They may undergo considerable dehydration without apparent 
change of identity; this raises the indices about 0.04. The natural 
substance, called copiapite, is an alteration product of iron sulphide 
and of melanterite. 

Fe203-2803-51120 is monoclinicwith a :b :c == 0.858 : i : 
i- 358>24'. Crystals prismatic with good 001 cleavage. Twinning. 
The optic plane and Z are normal to 010; X A c = 19®. (-|-) 2V = 
large, Np = 1.735 C, 1.749 D, 1.787 F, N„ = 1.669 C, 1.678 D, 1.702 
F, Np = 1.581 C, 1.588 D, 1.603 F, Np — Np = 0.161 D. Color 
yellow with X = colorless, Y = pale yellow, Z * clear yellow.. 
Made from solution. Stable to about 100° C. 

Fe203-3S03*6H20 is monoclinic;*^ crystals 010 laths elongated 
parallel to c. The optic plane is oro; X A c = 22® red, 26® blue. 
(-) 2V = large, Np = 1.648 C, 1.657 D, 1.681 F, N„ = 1.627 C, 
1.63s D, 1.656 F, Np = 1,598 C, 1.605 1-624 F, Np - N, » 0.052 

D. Colorless. Made from solution. Stable from 50® to about 160® C. 

“ Scharizer (Zeit. Kryst., LVI, 1921, p. 353) gives Np « 1.650, Nm « 1.551 on the 
natural mineral. 
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FezOa-jSOa’THgO is monoclinic; crystals adcular or oio plates. 
The optic plane and Z are normal to oio; X A c = 20°. Lamellar twin- 
ning. (+) 2V = small, N, =* 1.631 C, 1.640 D, 1.666 F, N,, = 1.579 
C, 1.586 D, 1.603 F, N;, = 1.566 C, 1.572 D, 1.585 F, N, - N, = 
0.078. Colorless to pink. Make from solution below about 80° C. 

y2(S04).s-8H20 is monoclinic with a : h : c = 3.028 : 1 : 2.009, 
/3 = 61® 35'. Crystals equant to columnar by elongation parallel to 
I iT and Ti i. Twirming on 100. Perfect 001 and distinct 101 cleavages. 
G. = 2.56. The optic plane is normal to 010; X nearly normal to 001. 
(+) 2V = 50° 43', p <v. N, = 1.5755, N„ = 1.549, Np = 1 - 5433 . 
No — Np =0.0322. Made from solution. 

Pr2(S04)3 -8H20 is monoclinic with a : b : c = 2.986 : i : 1.999, 
/S = 62°. Crystals basal tablets or nearly equant with 001, iiT, 100, 
etc.; perfect ooi and distinct loT cleavages. G. = 2.82. Z = i; 
X nearly normal to 001. (+) 2V = 84° 51' Li, 85® 27' Na, 84° 52' Tl, 

84® 54' (490); abnormal variations in 2V between X = 580 to 6oo (an 
absorption band) shown by : 2V = 84° 50' (610), 85° i' (587), 84° 51' 
(584), 84® 37' (580) No = 1.5573 Li, 1.5607 Na, 1.5641 Tl, N„ = 
1.5459 Li, 1.5494 Na, 1.5525 Tl, Np = 1.5366 Li, 1.5399 Na, 1.5430 
Tl, No — Np = 0.0208 Na. Color dark green. Made from solution. 

012(804)3-81120 (Nd dominant) is monoclinic with a : b : c = 
2.969 : I ; 2.006, /3 = 61° 52'. Crystals 100 or 001 tablets or complex, 
with perfect 001 cleavage. G. = 2.83. Z = i, X A c = 26° ±. (+) 
aV = 84° 10'. No = 1.5592. Nm = 1 - 5479 . Np = 1.5392. No - Np = 
0.020. Color light red (to green). Made from solution. 

Nd2(S04)3>8H20 is monoclinic with a : b : c = 2.984 : i : 1.997, 
d = 61® 51'. Crystals variable with perfect 001 cleavage. G. = 2.85. 
Z = b. X nearly normal to 001. (+) 2V = 83® 49' Li, 83® 57' 

Na, 83® 46' Tl. No = 1.5583 Li, 1.5621 Na, 1.5652 Tl, N™ = 1.5469 
Li, 1,5505 Na, 1.5534 Tl, Np = 1.5379 Li, 1.5413 Na, 1.5441 Tl, 
No — Np = 0.0092 Na. Color light red with weak pleochroism with 
X and Y > Z. Made from solution. 

Sm2(S04)3-8H20 is monoclinic with a :b :c - 3.003 : i : 2.002, 
d = 61® 44'. Crystals 001 tablets, etc., with perfect 001 cleavage. 
Twinning common on 001. Z = b. X nearly normal to 001. (+) 
2V = 86® i' Li, 85® 56' Na, 85® 52' Tl, p > » weak. Np = 1.5594 Li, 
1.5629 Na, 1.5663 Tl, Np. = 1.5486 Li, 1.5519 Na, 1.5551 Tl, Np = 
1.539s Li, 1.5427 Na, 1.5458 H, No - Np * 0.0202 Na. Made from 
solution. 
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8 . HYDROUS SULPHATES, ETC., OF TETRAVALENT BASES 

Th(S04)2-8H20 is monoclinic with a :b :c — 0.754 : i : 0.557, 
jS = 87“ o'. Crystals prismatic, striated parallel with 001. The 
optic plane is 010; Z A c = +65°. (+) 2 V == 76° 20', p <v weak. 

Nm = 1.5168, Ng — Np = very weak. Made from solution at about 

30“ C. 

9. ANHYDROUS SULPHATES, ETC., OF DIVALENT AND 
MONOVALENT BASES 

Na6Mg(S04)4 is probably monoclinic without cleavage. H. =4. 

G. = 2.69. Soluble in H2O. Artificial crystals identified by optic 
measures.^^ (—) 2V = 84° ±, p <v. N, = 1.489, Nm = 1.488, 
Np = 1.485, Nj — Np = 0.004 (nat. cryst.). Colorless. The natural 
substance, known as vanthqffik, is found in salt deposits. 

10. HYDROUS SULPHATES, ETC., OF DIVALENT AND 
MONOVALENT BASES 

Na2Mg(S04)2-25H20 is tetragonal with distinct 001 cleavage. 

H. = 3.5, G. = 2.37, F. = 1.5. Soluble in H2O. Artificial crystals 
identified by optic measures.^^ Uniaxial negative with No = 1.490, 
N« = 1.471, No — N« = 0.019 cryst.). Colorless. The natural 
substance is known as loewile. 

K2Cd(S04)2i§H20 is monodinic with a :b : c — 0.987 : r : 
2.025, ^ — 75 ° I® • Crystals prismatic with 010 cleavage. The 
optic plane and Z are normal to 010; X A c = —69° 15'. (—) 2V = 

63® 33' Li, 64° 16' Tl, Nm = 1.509 Li, 1.511 Tl, Np — Np = ? Made 
from solution at ordinary temperature. 

K2Mn(S04)2-iiH20 is monoclinic with a :b : c = 0.974 : i : 

I. 958, /3 = 76° o'. Crystals prismatic with distinct ooi cleavage. 
The optic plane is normal to 010; X A c = +100°. (+) 2V = 61® 
48', p < V. Nm = 1.512 D, Np — Np = ? Made from H2O solution 
above 55® C. 

Na2Mg(S04)2-41120 is monodinic with a :b :c = 1.349 : i : 
0.672, /3 = 79® 12'. Crystals nearly equant (with no, 010, 001, in, 
on, etc.) or 001 tablets with no deavage. H. = 3. G. = 2.23. 
Soluble in H2O. The optic plane is 010; XAc = —45° (red), —43^® 
(blue). (—) 2V = 70® 5' (red), 72® 34' (blue). Artificial crystals 
idMitified by optic measures.®^ N® « 1.489, N* = 1.488, Np « 1.486, 
Np — Np « 0.003. Colorless to green or yellow. The natural sub¬ 
stance is known as bloedite or astrakanUe. 
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PicKOMESiTE Group 

The picromeritc group consists of inonoclinic sulphates of divalent 
and monovalent bases with 6H2O. It has been studied in great detail 
by Tutton. The crystal habit of these substances is usually tabular 
parallel to the base, or short prismatic, but the caesium salts are domatic 
parallel to a or short prismatic. All the salts have cleavage parallel 
to 2oT, usually perfect; it 
is the only distinct cleavage 
exceptin certain ammonium 
salts in one of which, 
namely (NH4)2CU (SO4) 2 • 

6H2O, the 010 cleavage is 
even better than the 20T 
cleavage. Salts of this 
group containing copper 
are blue or greenish blue, 
those containing nickel or 
iron are green or bluish 
green, those containing 
manganese are rose-red or 
pink, those containing 
cobalt are ruby red, and 
those containing magnes¬ 
ium, zinc, or cadmium are 
colorless. However, these 
distinctions are not ap¬ 
plicable to very small 
crystals (or powder) which 
may appear colorless from 
nearly any salt. The 
caesium-mckel, ammomum- Fig. 241.—Extinction angles (XAf) in the picromer- 
copper and all the thal- ite group, 

lium salts are optically 

negative; all the other members of the group are optically 
positive. The magnesium and copper salts have small optic angles 
(i5°-5i“), except the ammonium-copper salt, which has 2V = 68° 
31', the thallium-magnesium salt, which has 2V = 74° 57', and the 
thallium-copper salt, which has 2V =» 85° 16'. The magnesium salts 
have notably low refringence (N« = 1.47-1.48, except for the caesium- 




240 


ARTIFICIAL INORGANIC SOLID SUBST.ANCES 


magnesium salt), and the cscsium salts (except for the caesium-mag¬ 
nesium and caesium-manganese salts) have a refringence (N™ = 1.50- 
1.51) which is high for this group; but the thallium salts have much 
higher refringence with Nm = 1.59-1.62. The birefringence ranges 
from 0.006 to 0.024 averaging about o.oi; it is near the higher limit 
in potassium and thallium salts, and about 0.015 ^ rubidium salts. 
The extinction angle between the vibration direction (X) of the fast 
ray and the vertical axis c, measured always in clinopinacoid sections, 
is -1-5° to -fi2°^''’ in ammonium salts, except for the ammonium- 
copper salt in which X A c = +i8|°; it is -1-9° to 4-13!° in potassium 
salts, except for the potassium-copper salt in which it is -l-i8§®; it is 
-|-i2'’to-f-2i°in rubidium salts, except for the rubidium-copper salt, 
in which X A c = -1-26|°; it is -f24° to -f-30® in caesium salts, except 
for the caesium-copper and caesium-magnesium salts in which X A c = 
43® and 47° respectively; it is -f 73° to -l-8i° in thallium salts. These 
extinction angles are shown in Fig. 241, which also shows their rela¬ 
tions to the 201 cleavage foimd in all of these substances. 

E2Mg(S04)2-61120 is monoclinic with a -.b :c — 0.741 : i : 
0.499, ^ — 75 ° *2'. Crystals nearly equant as in Fig. 242, shortpris- 
matic with perfect 20T cleavage. H. = 2.5. G. = 2.03. F. = 2. The 
optic plaineisoio; ZAc = -f-i03° 38', Xa 20T cleavage = 27° 50'; 
(-f) 2V = 47° 59' C, 47® 54' D, 47° 40' F, p > t; very weak. = 
1.4731 C, 1.4755 1.4810 F, Nm = 1.4607 C, 1.4629 D, 1.4678 F, 

Np = 1.4585 C, 1.4607 D, 1.4658 F, Nj — Np = 0.0148 D. Colorless. 
Made from H2O solution. The natural substance called picromerile, is 
found at Vesuvius and in salt deposits; rare. 

Rb2Mg(S04)2‘6H20 is monoclinicwith a :b ic = 0.740 :1 : 
0.498, /3 = 74® 1'. Crystals thick 001 tablets to short prismatic with 
distinct 201 cleavage. G. = 2.38. The optic plane is 010; Z A c = 
—68® 46', Xa 2 oT cleavage = 20® 31'. (-|-) 2V = 49° 2' C, 48° 46' 
D, 48® 10' F, p>v distinct. = 1.4759 C, 1.4779 D, 1.4838 F, 
Nm = 1.4668 C, 1.4689 D, 1.4743 F, Np = 1.4650 C, 1.4672 Na, 
1.4724 F, N, — Np = 0.0107 Na. Colorless. Made from H2O 
solution. 

(NH4)2Mg(S04)2-6H20 is monoclinicwith a :b :c = 0.740 : 

The positive sign of the extinction angle signifies that it lies in the obtuse angle |3 
between the crystal axes a and c. 

E. H. Tutton: Trans. Chem, Soc.^ LXIX, 1896, p. 344, and LXXXVII, 1905, 

p. 1160. 

A. E. H. Tutton: Trans. Chem. Soc., LXIII, 1893, p. 337, and LXIX, 1896, p. 344. 

A. E. H. Tutton: Trans. Chem. Soc., LXXXVII, 1905, p. 1123. 
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I : 0.492, p = 72® 54'. Crystals short prismatic with perfect 201 and 
distinct 010 cleavages. H. = 2. G. = 1.72. F. = i. The optic 
plane is 010; Z A c = +94° 58', XA 20I cleavage = 37° 53'. (+) 
2V = 51® 18' C, 51® It'D, 51® 2'F, p > V very weak. N, = 1.4760 C, 
1.4786 D, 1.4842 F, Nm = 1.4705 C, 1.4730 D, 1.4786 F, Np = 1.4689 
C, 1.4716 D, 1.4771 F, N„ — Kp - 0.0070 D. Colorless. Made 
from H2O solution. The natural substance, called boussingauUite, is 
found in waters containing borates and about volcanoes; rare. 

Cs2Mg(S04)2-61120 is monoclinic'*’ with a :b : c = 0.728 : i : 
0.495, ^ — 72° 54^- Crystals short clinodomatic as in Fig. 244 with 
perfect 20Y cleavage. G. = 2.67. The optic plane is 010 for wave¬ 
lengths greater than 450 ra/i and normal to 010 for shorter wave¬ 
lengths (blue and violet); ZAc = —43° ij ', XA 20T cleavage — 



Fig. 242.—a crystal habit P’ig. 243.—Optic orientation 

of K2Mg(S04)o-6H20. of K2Mg(S04)2-6H20. 

(After Groth.) 


Fig. 244.—A common crys¬ 
tal habit of 
CS2Mg(S04)2 • 6H2O. 


4°47'. (-f) 2 V= 18®o' C,i6® 25' D, 14° 20' Tl, 11® 15' F, o°(45omM), 
7® 10' G. Nj = 1.4892 C, 1.4916 D, 1.4970 F, Nm = 1.4834 C, 1.4858 
D, 1.4912 F, Np = 1.4832 C, 1.4857 D, 1.4912 F, Np — Np = 0.0059 
D. Colorless. Made from H2O solution. 

Tl2Mg(S04)2• 6H2O is monoclinic with a :b :c = 0.744 : i:0.500, 
P => 73® 30'. Crystals nearly equant with no, on, 010, 001, 201, Tn, 
T21. Distinct 20T cleavage. G. = 3.57. The optic plane is 010; 
Z A c *= —9® 4', X A 2oT cleavage = 38° 49'. ( —) 2V = 74° 42' C, 

74 ° Sf 75 ° 34' F. Np = 1.5905 C, 1.5949 D, 1.6063 F, N„ = 
1.5841 C, 1.5884 D, 1.5993 F, Np = 1.5665 C, 1.5705 D, 1.5808 F, 
Np — Np = 0.0244 O. Colorless. Made from H2O solution. 

£2211(804)2■6H2O fa monoclinic with a : 6 : c >= 0.741 ; i : 
0.504, P * 75° 12'. Crystals nearly equant, as in Fig. 245, with 001, 

A. E. H. Tut ton: Proc, Roy. Soc., CXVIII, 1928, pp. 367-426. 
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iio, etc.; perfect 20T cleavage. G. = 2.24. The optic plane is 010; 
ZAc — +100° 18', X A 20I, cleavage = 30° 52'. (+) 2V = 68° 16' G, 

68° 14' Na, 68° 9' F, p > v very weak. N, = 1.4942 C, 1.4969 D, 

1.5027 F, Nm = 1.4809 C, 1.4833 D, 1.4889 F, Np = 1.4757 C, 1.477s 
D, 1.4826 F, N, — Np = 0.0194 D. Colorless. Made from H2O 
solution. 

Rb2Zn(S04)2-6H20 is monoclinicwith a :b :c = 0.737 • ^ • 
0.501, jS = 74° 7'. Crystals thick 001 tablets (with 110, 001, etc.) 
with distinct 20T cleavage. G.= 2.59. The optic plane is 010; 
ZAc— —73° 17', X A 2oT cleavage = 24° 50'. (+) 2V = 73° 40' C, 

7 S° 33' D, 73° 18' F, p> V very weak. Np = 1.4951 C, 1.4975 

1-5033 F, Nm = 1.4860 C; 1.4884 D, 1.4938 F, Np = 1.4811 C, 

1.4833 D, 1.4886 F, Np — Np = 0.0124 D. 
Colorless. Made from H2O solution. 

(NH4)2Zn(S04)2-6H20 is monoclinic^® 

with a:b:c = 0.737 : i = 0.4997, ^ = 73° 8'. 

Crystals short prismatic to thick 001 tablets 

with good 2 o 7 cleavage. G. = 1.93. The optic 

„ . , , plane is 010; ZAc = +97°, XA 20T cleav- 

Fig. 245.—a crystal habit ^ ^ ^ ^ 

ofK,Zn(S0«)r6H20. = 34 5 ^ • (+) 2V = 78 58 C, 79 O D, 

(After Tutton.) 79° 3' F, p <v very weak. Np = 1.4967 C, 
1.4994 D, 1.5056 F, N„ = 1.4904 C, 1.4930 
D, 1.4990 F, Np = 1.4862 C, 1.4888 D, 1.4947 F, Np — Np == 
0.0106 D. Colorless. Made from H2O solution. 

Cs2Zn(S04)2-6H20 is monodinic^^ with a :b :c = 0.727 : 1 : 
0.496, /3 = 72° 59'. Crystals short, clinodomatic with on, 001, no, 
etc.; distinct 201 deavage. G. = 2.87. The optic plane is 010; 
Z A c = — 59° 44', X A 2oT deavage = n° 30'. (+) 2V = 74° 27' C, 
74° n'D, 73°3 i'F, p > Dweak. N* = 1.5068 C, 1.5093 D, 1.5152 F, 
N« = 1.5024 C, 1.5048 D, 1.5104 F, Np = 1.4998 C, 1.5022 D, 
1.5079 F, Np — Np = 0.0071 D. Colorless. Made from H2O 
solution. 

n2Zn(S04)2 • 6H2O is monoclinic with a :b : c => 0.741 : i: 0.501, 
P = 73° 44'. Crystals 001 tablets to short prisms with perfect 20T 
deavage. G. = 3.72. The optic plane is 010; ZAc - —13“ 29', 
X A 2oT deavage = 55° 26'. (—) 2V = 69° 12' C, 69° 24' D, 69° 55' 
F, p < i» weak. Nj = 1.6119 C, 1.6168 D, 1.6281 F, Nm = 1.6046 C, 
1.6093 D, 1.6203 F, Np = 1.5887 C, 1.5931 D, 1.6033 F, Np - Np = 
0.0237 D. Colorless. Made from H2O solution. 

w A. E. H» Tutton: Froc, Roy. Soc.y A, LXXXIII, 1910, p. 211, 


Fig. 245.—ciystal habit 
ofK2Zn(S04)2-6H20. 
(After Tutton.) 
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Rb2Cd(S04)2‘6H20 is monoclinic®’ with a : 6 : c = 0.735 ; i ; 
0.493, P — 74 ° 7 • Crystals thick 001 (or 20T) tablets or short pris¬ 
matic with perfect 20Y cleavage. G.= 2.70. Effloresces easily. 
The optic plane is 010; Z A c = -t- 105° 53', X A 20I cleavage — 26° 4'. 
(-+-) 2V = 72° 20' C, 72° 26' D, 72° 37' F, p < V very weak. N, = 
1.4923 C, 1.4948 D, 1.5007 F, Nm = 1.4824 C, 1.4848 D, 1.4905 F, 
Np = 1.4777 C, 1.4798 D, 1.4856 F, N, — Np = 0.0150 D. Colorless. 
Made from H2O solution. 

(NH4)2Cd(S04)2-6H20 is monoclinic ®^ with a :b : c = 0.736 : i : 
0.493, 73 ° 19 • Crystals short prismatic or clinodomatic with dis¬ 

tinct 201 cleavage. G. = 2.06. The optic plane is 010; ZAc = 
-l-ioi® 27', Xa 2oT cleavage = 30° 56'. (-t-) 2V = 72“ 46' C, 

72® 51' D, 73° i' F, p < V very weak. N, = 1.4932 C, 1.4959 
1.5019 F, Nm = 1.4860 C, 1.4887 D, 1.4947 F, Np = 1.4821 C, 1.4847 
D, 1.4907 F, Np — Np = 0.0112 D. Colorless. Made from H2O 
solution. 

CS2Cd (804)2-61120 is monoclinic ®’ with a :h ‘.c — 0.726 : 1 ; 
0.491, /3 = 72° 49'. Crystals short clinodomatic to short prismatic 
with distinct 20T cleavage. Effloresces slowly. G. = 2.96. The 
optic plane is 010; ZAc = —63® 4', XA 2o7 cleavage = 15° 10'. 
(-f) 2V = 68® 2' C, 67° 53' D, 67® 28' F, p > weak. N, = 
1.5038 C, 1.5062 D, 1.5123 F, Nm = 1.4976 C, 1.5000 D, 1.5058 F, 
Np = 1.4951 C, 1.4975 ’• 5°33 N, — Np = 0.0087 D. Colorless. 

Made from H2O solution. 

Rb2Mn(S04)2-6H20 is monoclinicwith a :b :c = 0.738 : i : 
0.495, = 74 ° 3 • Crystals 001 tablets or short prismatic with perfect 

2oT cleavage. Unstable. G. = 2.46. The optic plane is 010; 
ZA c = —73° 3', X A 2 oT cleavage = 25° 2'. (-f-) 2V == 67® 8' C, 
67® 5' D, 66® 55' F, p> V very weak. N, = 1.4884 C, 1.4907 D, 
1.4965 F, Nm = 1-4785 C, 1.4807 D, 1.4860 F, Np = 1.4745 C, 
1.4767 D, 1.4821 F, Nj — Np = 0.0140 D. Color rose red. Made 
from H2O solution. 

(NH4)2Mn(S04)2‘6H20 is monoclinic ®- with a :b :c = 0.740 : i : 
0.493, /® 73 ° 9 • Crystals prismatic with pierfect 20I and distinct 010 

cleavages. G. = 1.83. The optic plane is 010; Za c = -1-97® 47', 

A. E. H. Tutton: Trans. Roy. Soc., A, 216, 1916, p. i; Trans. Chem. Soc.y LXIII, 
P- 337, and LXIX, 1896, p. 344. 

** A. E. H. Tutton: Trans. Roy. Soc.y A, 216,1916, p. i. Trans. Chem. Soc.y LXXXVII, 
1905, P- 1123. 

A. E. H. Tutton: Trans. Roy. Soc.y A, 216, 1916, p, i. Trans, Chem. Soc.y LXllI, 
1893, P- 337 ‘ 
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X A 201 cleavage -• 34“ 56'. (+) 2V ■* 69® 46' C, 69® 49' D, 70® 2' 
F, p<v, very weak. N, = 1.4887 C, 1.4913 D, 1.4971 F, Nm = 1.4815 

C, 1.4840 D, 1.4897 F, Np = 1.477s C, 1.4801 D, 1.4858 F, Nj — Np 
= o.oi 12 D. Color pale pink. Made from H2O solution. 

Cs2Mn(S04)2-6H20 is monoclinic with a : h : c = o.'j2'j : 1 : 
0.491, /3 = 72° 53'. Crystals short clinodomatic with perfect 20T 
cleavage. G. = 2.74. The optic plane is 010; Z A c = — 64° 33', 
XA 2oT cleavage = 16° 45'. (+) 2V = 60° 7' C, 59° 57' D, 59° 28' 

F, p> V very weak. = 1.4999 C, 1.5025 D, 1.5083 F, N„ = 
1.4940 C, i.|966 D, 1.5022 F, Np = 1.4922 C, 1.4946 D, 1.5003 F, 

N, — Np = 0.0079 Color rose red. Made from H2O solution. 
TbMn (SO4) 2 -61120 is monoclinic with a :b : c = 0.745 :1:0.496, 

/3 = 73® 38'. Crystals 001 tablets with large 20T faces; perfect 20T 
cleavage. G. = 3.68. The optic plane is 010; Z A c = — 14° 15'. 
X A 20T cleavage = 33° 21'. ( —) 2V = 71° 16' C, 71° 26' D, 71° 59' 

F. N„ = 1.6047 C) 1.6084 D, 1.6186 F, Nm = 1.5960 C, 1.5996 D, 
1.6096 F, Np = 1.5826 C, 1.5861 D, 1.5959 F, Np — Np = 0.0223 F^- 
Color pink. Made from H2O solution. 

K2Fe(304)2-61120 is monoclinic with a : b : c = 0.738 : i : 

O. 502, |8 = 75° 28'. Crystals thick 001 tablets with perfect 20T cleav¬ 

age. Effloresces easily. G. = 2.17. The optic plane is 010; Z A c = 
-f-ioi® 57', X A 20T cleavage = 29° 14'. (+) 2V = 67° 2' C, 67° 7' D, 

67° 19' F, p < c very weak. Np = 1.4945 C, 1.4969 D, 1.5028 F, 

Nm = 1.4799 C, 1.4821 D, 1.4877 F, Np = 1.4735 C, 1.4759 F), 1.4811 

F, Np — Np = 0.0210 D. Color pale green. Made from H2O solu¬ 
tion. 

Rb2Fe(S04)2-6H20 is monoclinicwith a :b :c — 0.738 : i: 
0.5004, /3 = 74° 16'. Crystals clinodomatic to 001 tablets with dis¬ 
tinct 2oT cleavage. G. = 2.52. The optic plane is 010; Z A c = 
— 72® 51', X A 2oT cleavage = 24® 27'. (-f-) 2V = 73® 23' C, 73® 2i' 

D, 73® 13' F, p > D very weak, Np = 1.4953 C, 1-4977 F), 1.5034 F, 

Nm = 1.4851 C, 1.4874 D, 1.4929 F, Np = 1.4793 C, 1.4815 D, 

1.4870 F, Np — Np = 0.0126 D. Color pale green. Made from H2O 
solution. 

(NH4)2Fe(S04)2-6H20 is monoclinic®* with a :b :c - 0.738 : i: 
0.496, /S = 73® 10'. Crystals thick ooi tablets or short prisms with 
distinct 20T cleavage. G. =» 1.86. The optic plane is 010; XAc — 
-4-98® 42', X A 2oT cleavage — 33° 32'. (+) 2V ■= 76® 18' C, 76® 25' D, 
76“ 33' F, p> V very weak. N* «■ 1.4962 C, 1.4989 D, 1.5047 F, 

A. E. H. Tutton: Proc. Roy. Soc.j A, LXXJCVIII, 1913, p. 361. 
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Nm “ 1.4890 C, 1.4915 D, 1.4972 F, N, = 1.4844 C, 1.4870 D, 
1.4926 F, Nb — Np = 0.0119D. Color pale bluish green. Made from 
H2O solution. 

Cs2Fe(S04)2-6H20 is monoclinic with a : b : c = 0.726 : i : 

0.495, P ~ 73 ° ^ • Crystals short clinodomatic with distinct 20T 
cleavage. G. = 2.79. The optic plane is 010; ZAc = —61® 43', 

X A 20I cleavage = 13® 27'. (+) 2V = 75° o' C, 74° 51' D, 74° 31' F, 

p>vweak. N, = 1.5069 C, 1.5094 D, 1.5153 F, N„ = 1.50110,1.5035 
D, 1.5093 F, Np = 1.4980 C, 1.5003 D, 1.5061 F, Np — Np = 0.0091 
D. Color pale green. Made from H2O solution. 

Tl2Fe(S04)2-6H20 is monoclinic with a : b : c = 0.743 : i : 

0.4999, — 73 ° 44 ^- Crystals 20T tablets with distinct 20T cleavage. 

G. = 3.65. The optic plane is 010; Z A c = —16® 15', X A 20T cleav¬ 
age = 31° 42'. (—) 2V = 68° 46' C, 69° o' D, 69®59' F. N, = 1.6117 

C, 1.6162 D, 1.6292 F, Nm = 1.6048 C, 1.6093 1.6209 F, Np 

= 1.5886 C, 1.5929 D, 1.6040 F, Np — Np = 

0.0233 D. Color pale green. Made from 
H2O solution. 

K2Cu(S 04)2-61120 is monoclinic with |f7f O 

a: b : c = 0.749 : i : 0.509, 0 = 75® 32'. 

Crystals thick 001 tablets, as in Fig. 246, 246.—A crystal habit of 

^ , ’ rZ KsCutSO^b-OHjO. 

With perfect 201 cleavage. G. = 2.23. The Tutton.) 

optic plane is 010; ZA c= — 71° 27', 

X A 201 cleavage = 22° 36'. (-|-) 2V = 46° 6' C, 46® 32' D, 47° 33' 

F, p < » distinct. Np = 1.4994 C, 1.5020 D, 1.5081 F, Nm = 1.4838 


C, 1.4864 D, 1.4922 F, Np — 1.4811 


1.4836 D, 1.4893 


Np — Np = 0.0184 D. Color greenish blue. Made from H2O 
solution. The natural substance, called kyanochroite, is found at 
Vesuvius; rare. 

Rb2Cu(S04)2-61120 is monoclinicwith a :b :c = 0.749 ; i : 
0.503, /3 = 74® 42'. Crystals 001 tablets or short prisms with good 
2oT cleavage. G. = 2.57. The optic plane is 010; Z A c = —63® 32', 
XA 2oT cleavage = 15° 20'. (-I-) 2V = 44° 29' C, 44® 42' D, 44® 

57'F, p>v weak. Np = 1.5011 C, 1.5036 D, 1.5098 F, Nm = 1.4882 
C, 1.4906 D, 1.4966 F, Np = 1.4862 C, 1.4886 D, 1.4943 F, Np 
— Np = 0.0150 D, Color pale greenish blue. Made from H2O 
solution. 


(NH4)3Cu(S 04)2-6H20 is monoclinic with a:b :c = 0.746 : i : 
0.507, jS - 73° 51'. Crystals short prisms or thick 001 tablets with 
perfect 010 and distinct 20T cleavages. G. = 1.93. The optic plane 



246 


ARTIFICIAL INORGANIC SOLID SUBSTANCES 


is oio; Z A c = — 71° 13', X A 201 cleavage = 22° 49'. (—) 2V = 

68° 57'C, 68® 31' 0 , 66 ° 55' F, p > k distinct. Ng = 1.5025 C; 1.5054 
D, 1.5116 F, N„ = 1.4977 C, 1.5007 D, 1.5067 F, N, = 1.4883 C, 
1.4910 D, 1.4971 F, Nj — Np = 0.0144 D. Color pale blue. Made 
from H2O solution. 

Cs2Cu(S04)2-61120 is monoclinic with a :b :c = 0.743 : i : 
0.495, ^ - 73 ° 5 °'- Crystals clinodomatic to short prismatic with 
distinct 20T cleavage. G. = 2.86. The optic plane is 010; Z A c = 
-47° 3', X A 2oT cleavage = 0° 37'. (+) 2V = 43° 9' C, 43° 24' D, 

44° 3' F, p < V weak. Ng = 1.5126 C, 1.5153 O, 1.5216 F, Nm = 
1.5036 C, 1.5061 D, 1.5123 F, Ng = 1.5021 C, 1.5048 D, 1.5108 F, 
Ng — Np = 0.0105 D. Color pale greenish blue. Made from H2O 
solution. 

Tl2Cu(S04)2-6H20 is monoclinic'*” with a :b :c = 0.750 : i : 
0.503, /3 = 74° 27'. Crystals equant to flattened parallel with 001 
with no, on and 20T prominent; distinct 20T cleavage. G. = 3.73. 
The optic plane is 010; Z A c = — 17° 20', X A 20T cleavage = 30° 49'. 
(-) 2V = 85° 21' C, 85° 16' D, 85° 2' F. Ng = 1,6144 C, 1.6190 D, 
1.6318 F, Nm = 1.6050 C, 1.6096 D, 1.6222 F, Np = 1.5950 C, 1.5996 
D, 1.6120 F, Ng — Np = 0.0194 D. Color bright blue. Made from 
H2O solution. 


c = 0.740 : I 



Off 


K2Co(S04)2-6H20 is monoclinic with 
0.504, jS = 75° 5'. Crystals short prismatic to 
001 tablets with no and 001 dominant as in 
Fig. 247, distinct 2oT cleavage. G. = 2.22. The 
optic plane is 010; Z A c = +100° 5', X A 20T 
cleavage = 31° 12'. (+) 2V = 68° 39' C, 68° 

41' D, 68° 48' F, p < very weak. Ng = 

1.4977 C, 1.5004 D, 1.5059 F, Nm = 1.4842 

C, 1.4865 D, 1.4919 F, Np = 1.4784 C, 1.4807 

D, 1.4861 F, Ng — Np = 0.0197 D. Color 
ruby red with X = violet red, Y = yellow, Z = yellowish pink 
from H2O solution. 

Rb2Co(S04)2-6H20 is monociinic*’* with a :b :c = 0.739 : i : 
0.501, /3 = 73° 59'. Crystals short prismatic to thick 001 tablets with 
perfect 20T cleavage. G. = 2.56. The optic plane is 010; Z A c = 
+ 106° i', X A 20T cleavage = 25° 36'. (+) 2V * 75° 14' C, 75° n' 
75 ° 3^ F) P > very weak. Ng = 1.4989 C, 1.5014 D, 1.5068 F, 
Nm = 1.4893 C, 1.4916 D, 1.4968 F, Ng = 1.4837 C, 1.4859 D, 1.4910 
F, Ng — Np = 0.0155 D. Color ruby red. Made from H2O solution. 


Fig. 247.—A crystal habit 
of K2 Co(S 04)2-6H20. 
(After Tutton.) 


Made 
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(NH4)2Co(S 04)2'6H20 is monoclinicwith a:b:c = 0.737 :i: 
0.498, /S = 72° 58'. Crystals short prismatic or 001 tablets with dis 
tinct 2 oT cleavage. G. = 1.90. The optic plane is 010; ZAc =* 
+96“ 19', X A 201 cleavage = 35° 57'. (+) 2V = 82“ 2' C, 82° 9' D 

82® 27' F, p< V very weak. N® = 1.5006 C, 1.5032 D, 1.5094 F 
N„ = 1.4927 C, 1.4953 1-5014 F, Np = 1.4876 C, 1.4902 D, 1.4964 

F, N, — Np = 0.0130 D. Color ruby red. Made from H2O solution. 
Cs2Co(S 04)2-6H20 is monoclinic with a :b :c — 0.727 : i : 

0.497, ^ ~ 72° 52^ Crystals clinodomatic with distinct 20I cleavage. 

G. = 2.84. The optic plane is 010; Z A c = — 63° 52', X < 2o7 cleav¬ 
age = 15° 36'. (-h) 2V = 81° 40' C, 81° 34' D, 81° 22' F. N, = 

1.5106 C, 1.5132 D, 1.5187 F, N„ = 1.5061 C, 1.5085 D, 1.5142 F, 
Np = 1.5032 C, 1.5057 D, 1.5112 F, Np — Np = 0.0075 Color 
brownish red. Made from H2O solution. 

Tl2Co(S04)2-6H20 is monoclinic with a : ft : c = 0.741 : i : 
0.4995, /3 = 73° 35^ Crystals short clinodomatic to 001 tablets with 
distinct 20I and poor 010 cleavages. G. = 3.78. The optic plane is 
010; ZAc=—15® 40', Xa 2oT cleavage = 32® 22'. ( —) 2V = 
66® 7' C, 66° 39' D, 67° 8' Tl, p < » distinct with weak inclined disper¬ 
sion. Nj = 1.6188 C, 1.6238 D, 1.6359 F, Nm = 1.6128 C, 1.6176 D, 
1.6293 F, Np = 1.5965 C, 1.6009 D, 1.6121 F, Np — Np = 0.0229 D. 
Color ruby red. Difficultly prepared from solution. 

K2Ni(S04)2-61120 is monoclinicwith a:b:c =0.738 :i :0.502, 
/3 = 75° o'. Crystals short prismatic to thick 001 tablets with perfect 
2 oT cleavage. G. = 2.24. The optic plane is 010; Z A c -I-98® 42', 
XA 2 oT cleavage = 32° 34'. (-f) 2V = 75® 19' C, 75® 16' D, 75° 9' 

F, p > » very weak. Np = 1.5026 C, 1.5051 D, 1.5109 F, Nm = 
1.4893 C, 1.4916 D, 1.4972 F, Np = 1.4813 C, 1.4836 D, 1.4889 F, 
Np — Np = 0.0215 D. Color bright green. Made from H2O solution. 

Rb2Ni(S04)2-6H20 is monoclinic with a :b :c = 0.735 • i • 
0.502, = 73® 57'. Crystals short prismatic to 001 tablets with 20T 

cleavage. G. = 2.59. The optic plane is 010; ZAc = -|-io2® 38', 
X A 2oT cleavage = 28° 49'. (-H) 2V = 82® 4' C, 82® o' D, 81® 48' F, 
p > » very weak, Np = 1.5027 C, 1.5052 D, 1.5110 F, N„ = 1.4937 C, 
1.4961 D, 1.5017 F, Np = 1.4872 C, 1.4895 D, 1.4949 F, Np - Np = 
0.0157 F>. Color deep green. Made from H2O solution. 

(NH4)2Ni(S04)2-6H20 is monoclinicwith a : ft :c = 0.737 • 
I : 0.500, |8 = 73® 3'. Crystals short prisms or ooi tablets with dis- 


** A. E. H. Tutton; Proc, Roy. Soc., A, CVIH, 1925, p. 240. 
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tinct 2 oT and oio cleavages. G. ■= 1.92. The optic plane is 010; 
Z A c = + 95° 12', X A 2 oT cleavage = 36° 40'. (+) 2V = 86° 33', 
p <v very weak. N, = 1.5051 C, 1.5081 D, 1.5142 F, N™ = 1.4980 
C, 1.5007 D, 1.5069 F, Np = 1.4921 C, 1.4949 D, 1.5007 F, Np — Np = 
0.0132 D. Color deep bluish green. Made from H2O solution. 

Cs2Ni(S04)2-6H20 is monoclinicwith a :b :c = 0.727 : i : 
0.498, j8 = 72° 58'. Crystals clinodomatic with distinct 20T cleavage. 
G. = 2.87. The optic plane is 010; Z A c = — 65° 53'. X A 20T 
cleavage = 17° 27'. (—) 2V = 87° 17' C, 87° 21' D, 87° 40° F, 
p < V very weak. Nj = 1.5137 C, 1.5162 D, 1.5221 F, Nm = 1-5104 

C, 1.5129 D, 1.5187 F, Np = 1.5065 C, 1.5087 D, 1.5146 F, N, - Np 
= 0.007 s Color bright green. Made from H2O solution. 

Tl2Ni(S04)2-61120 is monoclinic with a :b :c = 0.740 : i : 
0.4997, ^ ~ 73° 37'- Crystals short clinodomatic with 001, no, etc. 
Distinct 20T cleavage. G. = 3.77. The optic plane is 010; Z A c = 
— 14° 40', X A 2 oT cleavage = 33° 23'. ( —) 2V = 60° 58' C, 61° 37' 

D, 63° 11' F, p <v strong. N, = 1.6190 C, 1.6224 D, 1.6324 F, 

Nm = 1.6150 C, 1.6183 1.6280 F, Np = 1.5990 C, 1.6024 D, 

1.6115 F, Np — Np = 0.0200 D. Merwin gives N, = 1.6252, N™ = 
1.6184, Np = 1.6025, Np — Np = 0.0227 D. Color green. Difficultly 
prepared from solution. 


Tcttton^s Selenate Group 

The group of monoclinic selenates of divalent and monovalent bases 
with 6H2O has been studied in great detail by Tutton, These sub¬ 
stances have a crystal habit which is usually tabular parallel to the 
base, or short prismatic, but the caesium salts are domatic parallel to a, 
or short prismatic. All these salts have cleavage parallel to 20I, 
usually perfect; it is the only distinct cleavage except in certain ammo¬ 
nium salts which have 010 cleavage. Salts of this group containing 
copper are blue, those containing nickel are decided green, those con¬ 
taining iron are pale bluish or yellowish green, those containing man¬ 
ganese are pink, those containing cobalt are deep red and those con¬ 
taining magnesium, zinc, or cadmium are colorless. However, these 
color distinctions are not applicable to very small crystals (or powder) 
which may appear colorless almost regardless of the composition. 
The caesium-nickel, potassium-copper, rubidium-copper, ammonium- 
copper and all the thallium salts are optically negative; all the other 

“ J»rf. Crit. Tab., VII, 1930, p. 31. 
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members of the group are optically positive. The magnesium salts 
(except the thallium-magnesium salt with 2V = 77I®) have smaller 
optic angles (i8°-5S°) than other members of the group. The nickel, 
cobalt, zinc, and iron salts (except those containing potassium or 
thallium) have large optic angles (75°-87‘’). The magnesium salts 
(except the tha ll ium-magnesium salt with Nm = 1.63) have the lowest 
refringence in the group 
(Nm = 1.50-1.52) and the 
thallium salts have the 
highest refringence with 
Nm = 1.63-1.65; the po¬ 
tassium and thallium salts 
have the strongest bire¬ 
fringence, namely, 0.021- 
0.0324 (except the potas¬ 
sium-magnesium salt with 
Ng — Np = 0.017, the 
thallium - magnesium salt 
with Ng — Np = 0.0154, 
the thallium - nickel salt 
with Ng — Np = 0.0182, 
and the thallium-cobalt 
salt with Ng — Np = 

0.0148). The extinction 
angle between the vibra¬ 
tion direction (X) of the 
fast ray and the vertical 
axis (c), measured in clino- 
pinacoid sections, is -|-o° 

13' to -|-6° o' in ammonium 

salts except in the ammo- pic, 248.—Extinction angles (X A c) in Tutton’s 
nium-copper salt, which selenate group, 

has X A c = -f 12° 42'. 

The extinction angle is -4-6° 59' to -f 13® 34' in potassium salts; it is -l-p® 
59' to-|-16® 24' in rubidium salts, except for the rubidium-copper salt 
in which X A c = -f 23® 5'; it is -|-i6® 51' to -I-22' ii' in the caesium 
salts except for the ca;sium-magnesium and ca:sium-copper salts in 
which X.A c= 36® 47' aind 37® 12' respectively; it is 75® 35' to 86® 33' 
in thallium salts. These extinction angles are shown in Fig. 248 which 
also shows their relations to the 20I cleavage found in all these salts. 
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E!2Mg(Se04)2-6H20 is monociinicwith a :b :c ^ 0.749 : i : 
0.503, p - 75° 42'. Crystals short prismatic to 001 tablets with dis¬ 
tinct 2 oT cleavage. G. = 2.36. The optic plane is 010; ZAc — 
-1-101° 18', XA 2oT cleavage = 30° 7'. (-1-) 2V = 39° 42' €,39° 38' 

D, 39° 25' F, p > !) very weak. N, = 1.5108 C, 1.5139 D, 1.5210 F, 
N„ = i. 49^'3 C', 1.4991 1-5058 F, Np = 1.4941 C, 1.4969 D, 

1.5035 F, Nj — Np = o.oi 70 D. Colorless. Made from H2O solution. 

Rb2Mg(Se04)2 -61120 is monoclinic with a : b : c = 0.742 : i : 
0.501, /3 = 74° 46'. Crystals thick 001 tablets to short prisms with 
distinct 20I cleavage. G. = 2.68. The optic plane is 010; ZAc = 
-73°36',X A 201 cleavage = 25° 13'. (-f) 2V = 47° 24' C, 47°3'D, 

46° 6' F, p > j; weak. N* = 1-5105 C, 1.5135 D, 1-5205 F, Nm = 

1.5002 C, 1.5031 D, 1.5098 F, Np = 1.4983 1-50“ F), 1.5077 F, 

Nj — Np = 0.0124 D. Colorless. Made from H2O solution. 

(NH4)2Mg(Se04)2-6H20 is monoclinic with a :b : c = 0.742 : i 
: 0.497, /S = 73° 33'. Crystals short prisms or thick 001 tablets with 
perfect 20T cleavage. G. = 2.06. The optic plane is 010; Z A c = 
+90° 13'; X A 2oT cleavage = 31° 59'. (-1-) 2V = 54° 55'C, 54° 47' 

D, 54° 4' F, p > » very weak. Np = 1.5136 C, 1.5169 D, 1.5242 F, 

Nm = 1.5060 C, 1.5093 D, 1.5166 F, Np = 1.5038 C, 1.5070 D, 

1.5144 F, Np — Np = 0.0099 Colorless. Made from H2O 

solution. 

Cs2Mg(Se04)2-6H20 is monociinic with a : 6 : c = 0.731 : i : 
0.496, = 73® 43^ Crystals clinodomatic, with distinct 20T cleavage. 

G. = 2.94. The optic plane is 010 for wave-lengths greater than 
466 m/x and normal to 010 for shorter wave-lengths (blue). ZAc 
= -53° 13') X A 2oT cleavage = 4° 59'. (+) 2V = 20° 34' C, 18° 

35' D, 10° 30' F, 0° (466 mp), 12° 49' G. At 78° C. it is uniaxial for 
Na light. Np = 1.5206 C, 1.5236 D, 1.5308 F, N„ = 1.5150 C, 
1.5179 D, 1.5248 F, Np = 1.5148 C, 1.5178 D, 1.5248 F, Np - Np = 
0.0058 D. Colorless. Made from H2O solution. 

Tl2Mg(Se04)2-6H20 is monociinic*” with a :b :c = 0.749 : i : 
0.499, ^ ~ 74 ° 24'. Crystals 001 tablets with no, on, etc. Dis¬ 
tinct 2oT cleavage. G. = 3.72. The optic plane is 010; ZAc= —4° 
27', XA 2oT cleavage = 43° 27'. (—) 2V = 77° 20' C, 77° 33' D, 
78° 10' F. Np = 1.6364 C, 1.6404 D, 1.6521 F, N« = 1.6297 
1.6337 D, 1.6452 F, Np = 1.6210 C, 1.6250 D, 1.6363 F, Np - N, = 
0.0154 D. Colorless. Made from H2O solution with magnesium 
selenate in excess. 

A. E. H. Tutton; Trans. Roy. Soc., A, 197, 1901, p. 255* 
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K2Zn(Se04)2'6H20 is monoclinicwith a :b :c == 0.746 : 1 : 
0.507, /3 = 75® 48'. Crystals short prismatic to thick 001 tablets with 
distinct 201 cleavage. G. = 2.56. The optic plane is 010; Z Ac = 
+99° 9'} X A 2oT cleavage = 31° 51'. (+) 2V = 66° 13' C, 66° 15' D, 

66° 20' F, p < V very weak. N, = 1.5302 C, 1.5335 D, 1.5410 F, 
Nm = 1.5151 C, 1.5181 D, 1.5252 F, Np = 1.5092 C, 1.5121 D, 
1.5189 F, Nj — Np = 0.0214 D. Colorless. Made from H2O solu¬ 
tion. 

Rb2Zn(Se04)2-6H20 is monoclinic with a : : c = 0.743 : i : 

0.502, = 74° 44'. Crystals thick 001 tablets or short prisms with 

perfect 20T cleavage. G. = 2.87. The optic plane is 010; Z A c = 
-1-103° 13^1 X A 2oT cleavage = 28° 21'. (+) 2V = 75° 14' C, 75° 8 ' 

1^1 74° 55' F, p > » very weak. N„ = 1.5299 C, 1.5331 D, 1.5405 F, 

N, . = 1.5193 C, 1.5222 D, 1.5293 F, Np = 1.5134 C, 1.5162 D, 1.5233 

F, Np — Np = 0.0169 Colorless. Made from H2O solution. 
(NH4)2Zii(Se04)2-6H20 is monoclinic with a :b :c = 0.741 :1 : 

O. 504, |8 = 73° 46'. Crystals short prisms or thick 001 tablets with 

perfect 20T cleavage. G. = 2.26. The optic plane is 010; Z Ac — 
-1-93° 24', X A 2oT cleavage = 38° 14'. (+) 2V = 82° 5'C,82° 7' D, 

82° 10' F, p < » very weak. Np = 1.5349 C, 1.5385 D, 1.5463 F, 
N„ = 1.5265 C, 1.5300 D, 1.5378 F, Np = 1.5206 C, 1.5240 D, 
1.5316 F, Np — Np = 0.0145 F). Colorless. Made from H2O 
solution. 

Cs2Zn(Se04)2'6H20 is monoclinic•'’* with a :b :c = 0.731 : 1 : 
0.497, P — 73 ° 49 • Crystals clinodomatic with perfect 20T cleavage 

G. = 3.12. The optic plane is 010; ZAc = —68° 3', X A 20T cleavage 

= 19° 48'. (+) 2V = 83° 30' C, 83° 6' D, 82° 14' F, p > D weak. 

Np = 1.5380 C, 1.5412 D, 1.5488 F, N„ = 1.5331 C, 1.5362 D, 
1.5435 F, Np = 1.5295 C, 1.5326 D, 1.5399 F, Np - Np = 0.0086 D. 
Colorless. Made from H2O solution. 

Tl2Zn(Se04)2-61120 is monoclinic with a :b : c = 0,748 :1 : 
0.502, /3 = 74° 6'. Crystals 001 tablets bounded by no, with small 
100 and 010 faces, or by 20T, no and on. Distinct 20T cleavage. 
G. = 3.96. The optic plane is 010; Z A c = —6° 46', X A 20T cleavage 
= 41° 14'. (-) 2V = 68° 15' C, 68° 34' D, 69° 30' F. N, = 1.6555 
C, 1.6615 F), 1.6793 F, N„ = 1.6481 C, 1.6539 D, 1.6706 F, Np = 
1.6358 C, 1.6414 D, 1.6576 F, Np — Np = 0.0201 D. Colorless. Made 
from H2O solution with zinc selenate in excess. 

“ A. E. H. Tutton: Proc.Roy. Soc., A, LXVTl, 1900, p. 58; Zeit. Kryst., XXXIII, 1900, 



252 


ARTIFICIAL INORGANIC SOLID SUBSTANCES 


(NH4)2Cd(Se04)2-61120 is monoclinic with a :b :c 0.742 : i : 
0.503, /3 = 75° 59'. Crystals 001 or 20T tablets or varied, with distinct 
2oT cleavage. G. = 2.45. The optic plane is 010; Z A c = +96° o', 
XA 2oT cleavage = 35°44'- (+) 2V = 76“ ii'C, 76‘’3i'D, 77° 13'F, 
p <v weak. N, = 1.5317 C, 1.5352 D, 1.5427 F, N™ = 1.5227 C, 
1.5260 D, 1.5338 F, N„ = 1.5172 C, 1.5206 D, 1.5283 F, N, - Np = 
0.0146 D. Colorless. Made from H2O .solution at about 0° C. 

Rb2Mn(Se04)2-61120 is monoclinic*’*’ with a : b : c = 0.742 : 1 : 
0.501, /3 = 74° 51'. Crystals 001 tablets or short prisms with good 
20T cleavage. G. = 2.76. The optic plane is 010; Z A c = +103° 7', 
X A 2oT cleavage = 28° 27'. (+) 2V = 66° 5' C, 66° 2' D, 65° 52' F, 
p < V very weak. = 1.5226 C, 1.5258 D, 1.5332 F, N„. = 

1.5110 C, 1.5140 D, 1.5210 F, Np = 1.5064 C, 1.5094 D, 1.5163 F, 
Ng — = 0.0164 D. Color pale pink. Made from H2O solu¬ 

tion. 

(NH4)2Mn(Se04)2-6H2O is monoclinic **** with ti :b:c = 0.743: 1 : 
0.499, ^ — 13 ° 44'- Crystals ooi tablets or prisms, varied, with per¬ 
fect 010 and distinct 20T cleavages. G. = 2.16. The optic plane is 
010; Z A c = +93° 22', X A 2 oT cleavage =38° 42'. (-f) 2V = 70° 

18' C, 70° 23' D, 70° 34' F, p < ?very weak. N, = 1.5255 C, 1.5288 
D. 1-5364 F,N„ = 1.5169 C, 1.5202 D, 1.5276 F, N;,= 1.5128 C, 1.5160 
D, 1.5235 F, Nb — Np = 0.0128 D. Color pink. Made from H2O 
solution. 

Cs2Mn(Se04)2-6H20 is monoclinic *’" with a : b : c = 0.732 : i : 
0.496, /3 = 73° 38'. Crystals clinodomatic to short prismatic with 
perfect 20T cleavage. G. = 3.01. The optic plane is 010; Z A c = 
—67° 49', X A 2oT cleavage = 19° 36'. (-[-) 2V = 69° 1' C, 68° 49' D, 
68° 5' F, p > » weak, Nj = 1.5306 C, 1.5338 D, 1.5415 F. N,„ = 1.5248 
C, 1.5279 D, 1.5350 F, Np = 1.5220 C, 1.5250 D, 1.5323 F, Nb - N, = 
0.0088 D. Color pink. Made from H2O solution. 

Tl2Mn(Se04)2-6H20 is monoclinicwith a :b :c = 0.746 : i : 
0.499, P — 74 ° 3 ^'- Crystals 001 tablets bounded by no. Distinct 
2oT cleavage. G. = 3.83. The optic plane is 010; Z A c = — 8° 21', 
X A 2oT cleavage = 39° 43'. ( —) 2V = 72° 4' C, 72° 27' D, 73° 32' 

F. Np = 1.6470 C, 1.6531 D, 1.6685 F, Nm = 1.6370 C, 1.6429 D, 
1.6579 F, Np = 1.6219 C, 1.6276 D, 1.6422 F, N, — Np = 0.0255 D. 
Color pink. Made from H2O solution with manganese selenate in 
excess. 

“A. E. H. Tutton: Proc. Roy. Soc., A, loi, 1922, p. 245. 

A. E. H. Tutton: Proc. Roy. Soc.^ A, loi, 1922, p. 225. 
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K2Fe(Se04)2‘6H20 is monoclinic®* with a :b :c = 0.749 : i : 
0.504, j8 — 76° 10'. Crystals thick 001 tablets to short prismatic 
with 2oT cleavage. G. = 2.49. The optic plane isoio; Z A c =+ 100° 
27', XA 2oT cleavage = 30° 45'. (+) 2V = 64° 12' C, 64° 18' D, 

64° 36' F, p <11 very weak. Nj = 1.5311 C, 1.5345 D, 1.5421 F, 

Nm = 1.5149 C, 1.5182 D, 1.5253 F, Np = 1.5064 C, X.5095 D, 
1.5164 F, Nj, — Np = 0.0255 D. Color pale green. Made from H2O 
solution at 0° C. Dehydrates quickly at ordinary temperature. 

Rb2Fe(Se04)2-6H20 is monoclinic with a : b : c = 0.742 : i : 
0.500, = 75° 3'. Crystals clinodomatic to 010 tablets with distinct 

2oT cleavage. G. = 2.80. The optic plane is 001; ZAc = +103® 
37', Xa 2oT cleavage = 27° 56'. (+) 2V = 73° 34' C, 73° 32' D, 

73° 26' F, p > D very weak. N* = 1.5295 C, 1.5328 D, 1.5404 F, 

N„ = 1.5170 C, 1.5200 D, 1.5272 F, Np = 1.5104 C, 1.5133 D, 
1.5202 F, N, — Np = 0.0191 D. Color pale bluish green. Made 
from H2O solution at about 0° C. 

(NH4)2Fe(Se04)2-61120 is monoclinic ®‘ with a : b : c = 0.743 : i : 
0.502, /3 = 73° 5 I^ Crystals thick 001 tablets to short prismatic with 
good 2oT cleavage. G. — 2.19. The optic plane is 010; ZAc — 
+95° 24', X A 20I cleavage = 36° 28'. (+) 2V = 77° 37' C, 77“ 44' 

D, 77 ° 54' F, p < D very weak. N* = 1.5348 C, 1.5381 D, 1.5457 F, 
N„ == 1.5246 C, 1.5280 D, 1.5354 F, Np = 1.5182 C, 1.5216 D, 1.5291 

F, N4 — Np = 0.0165 D. Color very pale yellowish green. Made 
from H2O solution at 0° C. 

Cs2Fe(Se04)2 6H2O is monoclinic ®’ with a : b : c = 0.731 : i ; 
0.498, ^ = 73° 58'. Crystals clinodomatic with perfect 20T cleavage. 

G. = 3.05. The optic plane is 010; ZAc = 68° 56', X A 20T cleavage 

= 20° 27'. (+) 2V = 82° 56' C, 82° 47' D, 82° 20' F, p > i> very 

weak. Np = 1.5384 C, 1.5414 D, 1.5491 F, N™ = 1.5322 C, 1.5352 
D, 1.5425 F, Np = 1.5274 C, 1.5306 D, 1.5379 F, Np - Np = 0.0108 
D. Color very pale bluish green. Made from H2O solution at 0° C. 

Tl2Fe(Se04)2-6H20 is monoclinicwith a : b :c = 0.745 : i : 
0.501, /3 = 74° 33'. Crystals thick 001 tablets with no, on, 001,010, 
100, 2oT, Tn, and T21. Distinct 20T cleavage. G. = 3.94. The 
optic plane is 010: ZAc =—9° 9', XA20T cleavage = 39° 2'. 
(-) 2V = 69° 5' C, 69° 36' D, 70° 45' F. Np = 1.6533 C, 1.6589 D, 
1.6743 F, N„ = 1.6459 C, 1.6514 D, 1.6662 F, Np = 1.6297 C, 1.6352 
D, 1.6496 F, Np — Np = 0.0237 D. Color of fresh crystals very pale 

" A. E. H. Tutton: Trans. Roy. Soe., A, 218,1919, p. 395; Proc. Roy. Soc., A, 94,1918, 
p. 3 S*- 



254 


ARTIFICIAL INORGANIC SOLID SUBSTANCES 


green, slowly becoming yellowish green. Made from H2O solution 
with iron selenate in excess. 

K2Cu(Se04)2’6H20 is monoclinic®® with a :b :c = 0.751 : i ; 
0.514, /3 = 76° 35'. Crystals short prismatic or 001 tablets with per¬ 
fect 2oT and distinct 010 cleavages. G. = 2.54. The optic plane is 
010; ZAc=— 76° 26', XA20T cleavage = 26° 56'. (—) 2V = 

88'’46'C,88°27'D,87°36'F,p> » weak. N, = 1.5317 C, 1.5349 D, 
1.5428 F, N„ = 1.5195 C, 1.5228 D, 1.5308 F, Np = 1.5068 C, 
1.5101 D, 1.5171 F, N, — Np = 0.0248 D. Color pale blue. Made 
from H2O solution. 

Rb2Cu(Se04)2’6H20 is monoclinic ®® with a :b :c — 0.750 : i : 
0.507, /3 = 75° 16'. Crystals 001 tablets with perfect 20T and distinct 
010 cleavages. G. = 2.84. The optic plane is 010; ZAc = —66® 55', 
X A 201 cleavage = 18° 14'. (+) 2V = 52° 58' C, 53° ii' D, 53° 43 ^ 
F, p < V weak. N, = 1.5286 C, 1.5318 D, 1.5396 F, Nm = i-Si52 C, 
1.5183 D, 1.5257 F, N, = 1.5122 C, 1.5153 D, 1.5225 F, Np - Np = 
0.0165 Color pale blue. Made from H2O solution. 

(NH4)2Cu(Se04)2-61120 is monoclinic®® with a :b :c — 0.748 : i : 
0.515, /3 = 74° 30'. Crystals short prismatic with perfect 20T and 010 
cleavages. G. = 2.22. The optic plane is 010; ZAc = -l-io2° 42', 
X A 2 o7 cleavage = 28° 24'. (-) 2V = 55° 42' C, 55° 7' D, 53® 48' F, 

p > V weak. N, = 1.5352 C, 1.5387 D, 1.5469 F, N„ = 1.5309 C, 
1.5344 D, 1.5424 F, Np = 1.5166 C, 1.5201 D, 1.5278 F, Np - Np = 
0.0186 D. Color pale blue. Made from H2O solution. 

Cs2Cu(Se04)2-6H20 is monoclinic®® with a :b :c = 0.740 : i : 
0.498, 0 = 74® 18'. Crystals clinodomatic with perfect 20T and dis¬ 
tinct 010 cleavages. G. = 3.07. The optic plane is 010; ZAc = —52® 
48', XA 201 cleavage = 40® 53'. (+) 2V = 48® 20' C, 48® 26' D, 

48® 42' F, p < » very weak. N* = 1.5360 C, 1.5394 D, 1-5462 F, 
Nm = 1.5264 C, 1.5298 D, 1.5372 F, Np = 1.5248 C, 1.5282 D, 
1.5355 Np — Np = 0.0112 D. Color pale blue. Made from H2O 
solution. 

Tl2Cu(Se04)2-6H20 is monoclinic'*® with a : & : c = 0.753 : i : 
0.505, 0 — 75® i'. Crystals short prismatic to basal tablets with 
perfect 20T cleavage. G. = 3.94. The optic plane is 010; ZAc — 
-14® 25'; X A 20I cleavage = 33® 53'. (-) 2V = 85® 13' C, 85® 9' 

D, 84® 56' F. Np = 1.6662 C, 1.6720 D, 1.6867 F, N« — 1.6511 C, 
1.6565 D, 1.6709 F, Np = 1.6345 C, 1.6396 D, 1.6537 Np - Np = 

A. E. H. Tutton: Proc, Ray. Sac., A, XCVIII, 1921, p. 67. 

A. E. H. Tutton: Proc. Roy. Soc.f XCVI, A, 1920, p. 156. 



SULPHATES, ETC. 


255 


0.0324 D. Color bright blue. Made from H2O solution with copper 
selenate in excess. 

K2Co(Se04)2-6H20 is monoclinic®® with a :b :c = 0.752 : i : 
0.506, jS = 75° 43'. Crystals short prismatic to 001 tablets with 
perfect 20T cleavage. G = 2.53. The optic plane is 010; Z A c = 
+98° 54', Xa 2oT cleavage = 32° 25'. (+) 2V = 62° 13' C, 62° 

19' D, 62° 27' F, p < V very weak. N, = 1.5347 C, 1.5380 D, 1.5456 
F, Nm == 1.5186 C, 1.5218 D, 1.5291 F, Np = 1.5127 C, 1.5158 D, 
1.5231 F, N, — Np = 0.0222 D. Color ruby red. Formed from H2O 
solution. 



Rb2Co(Se04)2*6H20 is monoclinic ®® with a :b : c = 0.743 : i : 
0.052, /3 = 74° 46'. Crystals 001 tablets to short prismatic with per¬ 
fect 2oT cleavage. G. = 2.84. The optic plane is 010; ZAc = 
4-102° 50', X A 2oT cleavage = 28°41'. (-I-) 2V = 73° 41' C, 73° 37' 

D, 73° 33' F, p > D very weak. N, = 1.5334 C, 1.5369 D, 1.5446 F, 
Nm = 1.5225 C, 1.5256 D, 1.5332 F, Np = 1.5168 C, 1.5199 D, 1.5273 
F, Np — Np = 0.0170 D. Color ruby red. Formed from H2O solution. 

(NH4)2Co(Se04)2-6H20 is monoclinic ®® with a : b : c = 0.745 : i : 
0.503, = 73° 37'. Crystals 001 tablets with 

no and on faces. Perfect 20T and poor 010 
cleavages. G. = 2.23. The optic plane is 010; 

Z A c = -1-92° 23' X A 2 oT cleavage = 39° 30'. 

(4-) 2V = 82° 6' C, 82° 14'D,82°28' F,p<v 
very weak. N, = 1.5382 C, 1.5417 D, 1.5496 

F, N« = 1.5292 C, 1.5327 F), 1.5401 F, Np = 

1.5228 C, 1.5261 D, 1.5335 F, Np - Np = Fig. 250.—a crystal habit 
0.0156 D. Color ruby red. Formed from of (NH4)2Mg(Cr04)2-6Hj0. 
H2O solution. (After Tutton.) 

Cs2Co(Se04)2-61120 is monoclinic®® with a:b :c — 0.731 : 1 ; 
0.499, P - 73 ° 4 ^'- Crystals clinodomatic with perfect 20T cleavage. 

G. =3.09. The optic plane is 010; ZAc= —70° 37', Xa2oT 
cleavage = 22° 9'. (-f) 2V = 87° 8' C, 86° 48' D, 86° 32' F, p> v 
very weak. N, = 1.5418 C, 1.5453 i-S53i F, Nm = 15365 C, 
I-S399 D. 1-5475 F, N, = 1.5321 C, 1.5354 D, 1.5430 F, N, - Np 
* 0.0099 F>. Color ruby red. Formed from H2O solution. 

Tl2Co(Se04)2-6H20 is monoclinicwith a :b :c = 0.746 : i : 
0.502, - 74° 20'. Crystals thick 001 tablets with no prominent. 

Distinct 20T cleavage. G. = 4.00. The optic plane is 010; Z A c = 
—8° 22', X A 2oT cleavage = 39° 45'. (—) 2V = 66° 15' C, 66° 42' D, 
67“ 36' F. Np = 1.6550 C, 1.6590 D, 1.6706 F, Nm = 1.6495 C, 1.6535 
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D, 1.6646 F, = 1.6402 C, 1.6442 D, 1.6552 F, N, - Np = 0.0148 D. 
Color ruby red. Made from H2O solution with cobalt selenate in 
excess. 

K2Ni(Se04)2• 6H2O is monoclinic with a :h :c = 0.747 : i : 
0.506, jS = 75® 33'. Crystals 001 tablets to short prismatic with dis¬ 
tinct 2oT cleavage. G. = 2.56. The optic plane is 010; ZAc = 
-1-96° 59', X A 2oT cleavage = 34° 15'. (+) 2V = 72® 45' C, 72® 48' 

D, 72° 56' F, p < t) very weak. N* = 1.5392 C, 1.5427 D, 1.5507 F, 
Nm = 1.5237 C, 1.5272 D, 1.5344 F, Nj = I. 5 H 7 C, 1.5181 D, 
1.5251 F, Ng — N, = 0.0246 D. Color bright green. Made from H2O 
solution. 

Rb2Ni(Se04)2-6H20 is monoclinic with a :b : c — 0.740 : i : 
0.503, P = 74® 40'. Crystals 001 tablets to short prismatic with dis¬ 
tinct 2oT cleavage. G. = 2.86. The optic plane is 010; Z A c — 
+99° 59 ^ X A 2oT cleavage = 31® 23'. (-f) 2V = 82® 22' C, 82® 13' 

D, 81° 58' F, p > i; very weak. Ng = 1.5356 C, 1.5390 D, 1.5466 F, 
N„ = 1.5258 C, 1.5291 D, 1.5362 F, Np = 1.5166 C, 1.5198 D, 
1.5268 F, Ng — Np = 0.0192 D. Color bright green. Made from 
H2O solution. 

(NH4)2Ni(Se04)2-61120 is monoclinicwith a : b : c = 0.740 : i : 
0.505, = 73° 43^ Crystals thick 001 tablets with perfect 20T and 

poor 010 cleavages. G. = 2.24. The optic plane is 010; ZAc = 
-|-92®o', Xa 2oT cleavage = 39® 31'. (-f) 2V = 86® 19'C, 86® 21'D, 
86® 29' F, p < It very weak. Ng = 1.5424 C, 1.5460 D, 1.5539 F, 
Nm = 1.5337 C, 1.5370 D, 1.5447 F, Np = 1.5251 C, 1.5285 D, 
1.5360 F, Ng — Np = 0.0185 F). Color bright green. Made from 
H2O solution. 

Cs2Ni(Se04)2• 6H2O is monoclinic with a :b :c = 0.729 ; i : 
0.499, P — 73 ° 49^- Crystals clinodomatic to 001 tablets with distinct 
2oT cleavage. G. = 3.11. The optic plane is 010; ZAc — —73® 9', 
X A 2oT cleavage = 24® 26'. (—) 2V = 82® 43' C, 83° 8' D, 83® 43' F, 

p < It weak. Ng = 1.5456 C, 1.5489 D, 1.5568 F, Nm = 1.5417 C, 
1.5450 D, 1.5525 F, Np = 1.5363 C, 1.5395 F>. 1-5467 F, Ng - Np = 
0.0094 D. Color deep green. Made from H2O solution. 

Tl2Ni(Se04)2-6H20 is monoclinicwith a :b :c — 0.746 : 1 : 
0.502, (3 = 74® 24'. Crystals nearly equant with no, 001, and on 
prominent. Distinct 20T cleavage. G. = 3.99. The optic plane is 
010; ZAc — 10® 19',XA 2oT cleavage = 38® o'. (—) 2V = 58® 10' 
C, 58® 59' D, 60® 53' F, Ng = 1.6517 C, 1.6560 D, 1.6709 F, N„ = 

A. E. H. Tutton: Trans. Roy. Soc., A, 217, 1918, p. 199. 
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1.6459 C, 1.6498 D, 1.6643 F, Np = 1.6339 C, 1.6378 D, 1.6523 F, 

N, — Np = 0.0182 D. Color bright green. Made frota H2O solu¬ 
tion with nickel selenate in excess. 

Rb2Mg(Cr04)2-6H20 is monoclinic with a : b :c = 0.753 • ^ • 

O. 495, ^ = 75 ° Crystals short prismatic or 001 tablets with good 
2oT cleavage. G. = 2.47. The optic plane is normal to 010; ZAc = 
—48° 10' (5° greater for green than for red light). X A 20T cleavage = 
0° 35' and Z is nearly normal to the cleavage. (—) 2V = 88® 4' C, 
86° 32' D, 84° 31' Tl, 83° 15' Cd, p> V strong. N, = 1.6310 Li, 
1.6435 Na, 1.6577 Tl, 1.6672 Cd, Nm = 1.6208 Li, 1.6330 Na, 1.6466 
Tl, 1.6561 Cd, Np = 1.6105 Ti, 1.6217 Na, 1.6342 Tl, 1.6426 Cd, N, — 
Np = 0.0218 Na. Color yellow. Made from H2O solution. 



Fig. 251.—Variations in composition and in optic properties in the Rb2Mg(Cr04)a* 
6H2O-(NH4)2Mg(Cr04)2*6H20 series. (Data of M. W. Porter: Proc. Roy, Soc., 
A., 109, 192s, P- 78.) 

(NH4)2Mg(Cr04)2-6H20ismonoclinic®^witha :b :c = 0.752 : i : 
0.492, ^ = 73° 53'. Crystals short prismatic as in Fig. 250 or 001 
tablets with perfect 20T cleavage. G. = 1.83. The optic plane is 
010 for wave-lengths less than 664 mu and normal to 010 for wave¬ 
lengths greater than 664 mp (red). Z/\c — H-3° 27'; X A 2o7 cleav¬ 
age = 52° 31'. (-I-) 2V = 10° 47' (684 mp), 0° (664 mp), 26° 53' 

(589 m/i = Na), 38° 57' Tl, 44° 37' Cd. N, = 1.6390 Li, 1.6531 Na, 
1.6687 Tl, 1.6799 t:d, Nm = 1.6250 Li, 1.6371 Na, 1.6509 Tl, 1.6602 
Cd, Np = 1.6248 Li, 1.6363 Na, 1.6489 Tl, 1.6571 Cd, N, — Np = 
0.0168 Na. Color yellow. Made from H2O solution. 

(NH4)2Mg(Cr04)2’6H20 is said to be miscible in all proportions 

A. E. H. Tutton and Mary W. Porter: Min. Mag., XVI, 1912, p. 169. 

•• Mary W. Porter: Proc, Roy. Soc., A, CDC, 1925, p. 78. 
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with (NH4)2Mg(S04)2-61120, but crystals are not homogeneous (sug¬ 
gesting imperfect miscibility) and very accurate measures are impos¬ 
sible; with II .6 molecular per cent of the sulphate N, = 1.641, 
N« = 1.627, Np = 1.627; with 37.? per cent; N, = 1.598, N*. = 
1.590, Np = 1.589; with 56.2 per cent, Np = 1.560, N™ = 1.557, 
Np = 1.554; with 73.8 per cent, Np = i.528,N„ = 1.525,Np = 1.520; 
with 90.0 per cent, Np = 1.495, Nm = 1-493, Np = 1.491. 

(NH4)2Mg(Cr04)2-61120 is miscible in all proportions®® with 
Rb2Mg(Cr04)2-6H20. In such mix-crystals the refractive index for 

vibrations along b is directly proportional to 
the volume (sensibly = molecular) composi¬ 
tion, while the other indices are curvilinear 
functions of the composition. The variations 
in properties are shown in Fig. 251. 

Cs2Mg(Cr04)2-6H20 is monoclinic ®-'’ 
with a :b :c = 0.743 : i : 0.489, jS = 73° 
Crystals clinodomatic, as in Fig. 252, to 
short prismatic with good 20T cleavage. 
G. = 2.75. The optic plane is normal to 
010; ZAc = —9° 22'; XA 2oT cleavage = 37° 34'. (- 1 -) 2V = 
67° 7' C> 6 f 3' D, 66° 33' Tl, 65° 57' Cd, p>v distinct. Np = 
1.6244Li, 1.6547 Na, 1.6683 Tl, 1.6778 Cd,Nm = i.63ioLi, 1.6425 Na, 
1-6552 Tl, 1.6640 Cd, Np = 1.6257 Li, 1.6369 Na, 1.6493 Tl, 1.6578 Cd, 
Np — Np = 0.0178 Na. Color bright yellow. Made from H2O solution. 

KGFe(Cr04)4-6H20 is monoclinic ®^ with G. = 1.45 and Nm = 

1-556. 

11. ANHYDROUS SULPHATES, ETC., OF TRIVALENT 
AND MONOVALENT BASES. 

K2Al2(S04)4 is hexagonal ®^“ in crystals showing rhombohedrons, 
prisms and the base, with micaceous 0001 cleavage. Uniaxial negative 
with No = i.545±, Ne = i.533±, No — Ne = o.oi2±. Colorless. 


Fig. 252.—A cr>'stal habit of 
Cs2Mg(Cr04)2 • 6 H 2 O. 
(After Tutton). 


12, HYDROUS SULPHATES, ETC., OF TRIVALENT AND 
MONOVALENT BASES 

Alum Gkoup 

The alum group includes hydrous isometric double sulphates 
(and related salts) of trivalent and monovalent bases with twelve 
molecules of water. Many salts are included. 

CrU, Tables^ I, 1926, p. 157. 

Salt prepared by E. Posnjak—properties measured by H. E. Merwin—^personal 
communication, Mar. 25,1931. 
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NaAl(S04)2'X2H20 seems to have two or three crystal phases; 
the isometric phase, which alone belongs to the alum group, is unstable 
and not certainly known in nature; it is called sodium alum or sodalu- 
mi/eandhasG. = 1.69; it crystallizes in octahedrons which may show 
cubic faces; isotropic with N = 1.4365 C, 1.4388 D, 1.4441 F, F — C 
= 0.0076. Colorless. The same compound (perhaps only 1 1H2O) is 
found only in fibrous aggregates with H. =3, G. = 1.73. Soluble in' 
H2O. Uniaxial negative with N<, = 1.458, N« = 1.432, No — N* = 
0.026. The natural substance is called mendozile. This compoimd 
also crystallizes in monoclinic 100 plates with no, on, and 211 which 
have a : b : c = 2.506 : i : 0.913, = 70° 59'. Perfect 010 cleavage 

(Larsen'**); perfect 100 cleavage (Surginow ®®). H. =3. G. = 1.76. 
The optic plane and X are normal to 010; Y A c = 30° (Larsen), 
—37° (Soret). ( —) 2V = 56° with slight dispersion (Larsen), with 
distinct crossed dispersion (Soret). = 1.463, N„ = 1.461, = 

1.449, No — Np = 0.014 (Larsen). Colorless. Forms from solution 
above 20° C. 

KA1(S04)2 • 12H2O also seems to have two or three crystal phases. 
The isometric phase, called potassium alum or potassalumile, forms 
octahedral or cubic crystals without cleavage having H. = 2, G. = 1.76; 
N = 1.4540 C, 1.4564 D, 1.4600 F, F — C = o.oio. Colorless. 
Another phase seems to be hexagonal and is uniaxial negative (Larsen^®) 
with No = 1.456, No = 1.429, No — No = 0.027. Colorless. The 
natural substance is called kalinile. A third crystal phase is probably 
monoclinic; fibrous and platy; the optic plane and Z are normal to 
the plates and YAc ( = elongation) = 13® (Larsen’^°). (—) 2V = 

52° with slight dispersion. Ng = 1.458, No, = 1.452, Np = 1.430, 
Ng — Np = 0.028. Colorless. Found in Australia. KAl(804)2-121120 
is alum in the narrowest sense. It intercrystallizes with many other 
alums and such intercrystallizations seem to be submicroscopic 
lamellar intergrowths (rather than true mix-crystals) and therefore 
birefringent; such intergrowths are optically negative in the case of 
KAl alum with NH4AI (equal molecular parts) or NH4Cr or KFe or 
NH4Fe; they are optically positive in the case of KAl with KCr (?) 
or with an excess of KFe or of NH4Fe. 

NH4A1(S04)2-121120 is isometric; crystals octahedral with H. = 2, 
G. = 1.64. Isotropic with N = 1.4569 C, 1.4594 D, 1.4648 F, F — 
C = 0.0079. Colorless. The natural substance, called tschermigite, 

** U. 5 . Geol. Surv, Bull. 679, 1921, p. 108. 

•• ZeU. Kryst.y LI, 1913, p. 104. 

U. S. Geol. Surv. Bull., 679, 1921, p. 94. 
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The following salts also belong to the alum groupJ®* 


Salt 

G. 

N(C) 

N(D) 

N(F) 

Disp. 

F-C 

RbAl(S04)2.i2H..O. 

i.8g 

1.4542 

1.4566 

1.4619 

0.0077 

CsA 1 (S 04)2 121120. 

i.g? 

I.4562 

1.4586 

1.4639 

0.0077 

TIA 1 (S 0 ,)s-i 2 H !0 . 

2 33 

I 4044 

I 4975 

1.5046 

0.0102 

RbV(S04)2i2H!0. 

NH4V(S04)2 121120. . . . 

CsV(S04)2 12H20. 

TlV(S 04 ) 2 l 2 ll 20 . 

KCr(S04)2i2H20. 

I 915 

I .Og 

2.03 

2-34 

1.85 

1.4787 

1.469 

1.475 

1.478 

1-514 

1.4814 

1.4875 

Also strongly 
biref. 

0.0088 

NH4Cr(S04)ri2H20.... 

I 73 

1.4813 

I.4842 

1.4904 

o.oogi 

RbCr(SO 4)2 121120. 

I Q 7 

1.4787 

1.4815 

1.4878 

0.0091 

CsCr(S04)2 i2H20 ... 

2 04 

1.4784 

1.4810 

1.4872 

0.0088 

TlCr(S04)2i2n20.... 

2 39 

I.5102 

1.5228 

I 5308 

o.oi16 

CsMn(S04)2*i2H20 .. 
KFc(S04)2i2H20. 

1.83 

1.483 ± Li 

I 4783 

1.4817 

I 4893 

O.OIIO 

NH4Fe(S04)2-121120.... 

1.72 

I.4815 

1.4848 

1.4929 

0.0114 

NIl4Fe(S04)2*i2H20.... 


I.4821 

1.4854 

1-4034 

Opt. anom. 
0.0113 

RbFe(S04)2 i2H20.. . 

I .g 2 

1.4789 

1.4823 

I .4900 

Opt. anom. 
0.01II 

CsFe(S04)2i2H20. 

2.06 

I.4804 

1.4838 

I 4014 

O.OIIO 

TlFe(S04)2i2n20. 

2.38 

I 5194 

>5237 


0,0134 

KGa(S04)2i2H20.... 

1 .go 

I.4630 

‘•4653 

1.4709 

0.0079 

NH4Ga(S04)2 i2H20. . . 

1.78 

I.4658 

I.4684 

I.4741 

0.0083 

RbGa(S04)2i2H20. 

I .g6 

I 4633 

1.4658 

I 4713 

0.0080 

CsGa(SO 1)2 • 12H2O. 

2.II 

I.4624 

I.4650 

I 4703 

0.0079 

TlGa(S04)2i2n20. 

2.48 

I 5035 

1.5067 

1 5139 

0.0104 

NH4ln(S04)2 i2H20.. . . 

2.01 

I 4635 

I.4664 

1.4723 

0.0088 

RbIn(S04)2 i2H20.... 

2.06 

1.4613 

I.4638 

I.4696 

(Unstable) 

0.0083 

Csin (804)2* 12H2O. 

2.24 

1.4628 

1.4652 

I.4711 

(Unstable) 

0.0083 

RbTi(S 04 ) 2 *I 2 H 20 . 

CsTi(S04)2*i2H20. 


1.465 Li 
1.472 Li 

1.4736 

1.476 gr. 


NH 4 Rh(S 04)2 i2H20... 


1.5073 Li 

1.5103 

1.5150 gr. 


RbRh(S04)2i2H20.... 


1.498=b Li 

i.5oi=t 

i.504=fc gr. 


CsRh(S04)2-i2H20. 


I.5063 Li 

1.5077 

1.5112 gr. 


TlRh(S 04 ),i 3 H 20 . 


I.546 Li 

1.548 

1.549 gr. 


KAl(Se04)2-i2H20. 

2.00 

1.4773 

I.4801 

(Approx.) 

1.4868 

O.OOQS 

RbFeCSeOi) 2 • 12H2O_ 

2 13 

1.5047 Li 

I.5070 

1.S119 gr. 

Opt. anom. 

CsFe(Se 04)2 * 12H2O_ 

362 

I.5088 Li 

1.5116 

1.5162 gr. 



New measures, similar to those given above, reported by E. Widmer (Zeit. Kryst., 
Uil, 1934, pp. 195,306) for KAl, RbAl, CsAl, HAI, KCr, RbCr, CsCr, and TlCr alums. 
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is rare. Optic anomalies are easily produced in it by pressure. NH4AI 
alum intercrystallizes apparently as submicroscopic lamellar inter- 
growths with many other alums; such intergrowths are optically 
negative in the case of NH4AI with KCr, or NH4Cr; they are optically 
positive in the case of NH4AI with NH4Fe or with an excess of KCr 
or of NH4Cr. 

The color of the alu m salts seems to depend largely upon the 
trivalent base; thus, aluminum alums are all colorless; vanadium 
alums are all violet; chromium alums are violet to dark red; the man¬ 
ganese alum is garnet red; iron alums are colorless, when pure and 
freshly prepared, but usually violet; gallium and indium alums are 
all colorless; titanium alums are reddish violet, rhodium alums are 
yellow to orange; the selenate alums are almost black. 

4(NH4)20*Mn203 -13M0O3-91120 is rhombohedralwith a = 
104° 24'. Uniaxial positive with No = 1.757, No = 1.819, N« — N„ = 
0.062. Pleochroic with X = O = clear yellow, Z = E = orange 
yellow. 

4K20-Mn203-i3Mo03-91120isrhombohedraF* witha = 104° 4'. 
G. = 3.43. Uniaxial positive without anomalies and similar to 
4(NH4)2 Mn203 -13M0O3-9H2O. Pleochroic with X = O = canary 
yellow, Z = E = orange. 

NaAl(S04)2-61120 is monoclinic (?); crystals 100 laths or vertical 
hbers. Multiple twinning common. H. = i. G. = 2.3. Insoluble in 
acid. The optic plane and Z are normal (or nearly normal) to 010; 
YAc — 30®db. (-f) 2V = 60°. Nj = 1.499, Nm = 1.488, Np = 
1.484, N, — Np = 0.015. Colorless. Made by partial dehydration 
of sodalumite in a desiccator.^^ natural substance, called lamaru- 

gite, is found in Chile. 

13 . HYDROUS SULPHATES, ETC., OF TRIVALENT AND 
DIVALENT BASES 

3Ca0-Al203-3CaS04-3iH20 is hexagonaH^ and long prismatic 
with G. == 1,48. Uniaxial negative with negative elongation and 
N» == 1.464 Na, N« = 1.458, No — N« = 0.006. Colorless. Formed 
by mixing 9 parts of 3Ca0-5Al203 and i part of CaS 04 in water. 
Dehydrates at 110° C. to 7H2O with longitudinal cracking, a change 

Fo Zambonini and V. Caglioti: Gazz. Chifn, hal,, LIX, 1929, pp. 400-460. 

E. S. Larsen: U. S. GeoL Sun. Bull. 679, 1921, p. 109. 

Wm. Lerch, F. W. Ashton and R. H. Bogue: “The Sulphoaluminates of Calcium/* 
Bur, Stand. Jour. Res.^ II, 1929, p. 715. 
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in sign of elongation to positive and an increase in the mean index of 
refraction to i.50±. Rehydration in moist air causes the sign of 
elongation to change back to negative and the mean index of refrac¬ 
tion to decrease to i.45±. Apparently takes 3Ca0-Al203-MH20 in 
crystal solution to a maximum which gives a ratio of AI2O3 : CaS04 = 
2:5. It seems to be one of the products made by the action of sul¬ 
phate waters on Portland cement. This substance is thought to be 
the same as the natural mineral known as ellringite. 

3Ca0 Al203-CaS04-121120 is hexagonal^- in basal plates with 
G. = 1.95. Uniaxial negative with positive elongation and No = 1.504 
Na, No = 1.488, No — No = 0.016. Colorless. Dehydration at iio° 
C. to 6H2O alters the substance so that it is somewhat variable in 
properties with N, = i.529-1.535 and N, = 1.510-1.527. Not as 
stable as 3Ca0 Al203-3CaS04-311120. It seems to be one of the 
products of reaction of sulphate water on Portland Cement. 

14 . SULPHATES CONTAINING URANIUM (OR URANATE-SULPHATES?) 

K2U02(S04)2-2H20 is orthorhombic with a :b :c — 0.589 : i : 
0.625. Crystals 001 tablets or pyramidal with 001 cleavage. The 
optic plane is 100; X = c. (—) 2V = 60° (calc.). N, = 1.563, 
Nm = 1.522, Np = 1.509 for 720 mu; Np = 1.5705, Nm = 1.5266, 
Np = 1.5144, Np - Np = 0.0561 for 580 m/i; N, = 1.583, Nm = 
1.535, Np = 1.520 for 500 mju. Not pleochroic. 

15 . ANHYDROUS POLYTHIONATES AND POLYCHROMATES 

NaioCu2Ag4(S203)8-6NH3 is tetragonal with c = 0.84. Crystals 
prismatic with imperfect 001 cleavage. Uniaxial negative with 
No = ?, No = i.7db. Color deep blue with X = pale sapphire blue 
and Z = deep cobalt blue. 

4(NH4)2S203-AgBr-NH4Br is tetragonal with c = 0.63. Uniaxial 
negative with N, = 1-6769, No = 1.6294, No — No = 0.0475. 

E2S2OG is trigonal with c = 0.647. Crystals short to long hexag¬ 
onal prisms. G. = 2.28. Uniaxial positive with No = 1.4532 
C, 1.45501.459s No = 1.5119 C, 1.5153 D, 1.5239 F, N, - N. “ 
0.0603 D. 

Rb2S206 is trigonal with c = 0.631. Crystals hexagonal prisms. 

^*E. L. Nichols and H. L. Howes: Cam. Inst. PtM. 298, 1919, p. 320. 

See also H. Rose: N. Jahrb. Min. Beil. Bd., XXIX, 1910, p. 53. 
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Uniaxial positive^® with N,, = 1.4544 C, 1.4565 D, 1.4613 F, N« = 
1.5034 C, 1.5068 D, 1.5153 F, N. - No = 0.0503 D. 

CS2S2O6 is trigonal with c = 0.632. Crystals prismatic. Uniaxial 
positive^® with No = 1.5207 C, 1.5230 D, 1.5285 F, N« = 1.5405 C, 
1.5438 D, 1.5518 F, Ne — No = 0.0208. 

E2S3O6 is orthorhombic with a : b : c = 0.717 : i : 0.419; crystals 
prismatic or tabular. No distinct cleavage. G. = 2.34. The optic 
plane is 010; X = c. (—) 2V = 72° (68°) Na. For 691 mu : Ng = 
1.596, Nm = 1.5591, Np = 1.4900, Np — Np = 0.106. For 656 m/i : 
No, = 1.5607, Np = 1.4909. For 589 mm : Np = 1.602, No, = 1.5641, 
Np = i.4934> Np — Np = 0.1086. For 436 m/t : Np = 1.621, N™ = 
1.5805, Np = 1.5040, Np - Np = 0.117. 

Rb2S306 is orthorhombic with a :b :c = 0.706 : 1 :0.418. Crys¬ 
tals prismatic. G. = 2.85. The optic plane is 010; X = c. ( —) 2V 
= 62° 33'. Np = 1.5867, N« = 1.5580, Np = 1.4874, Np = 1.4903) 
Np — Np = 0.0993 Na. 

K2S4O6 is monoclinic ^®“ with a:b :c = 0.930: i: 1.267, ^ = 75° 44'. 
Crystals 100 tablets or prismatic with distinct 100 cleavage. G. = 
2.30. The optic plane is 010; Z A c = 33° C, 33!° F, in the obtuse 
angle (-h) 2V = 67° C, 68|° F. Np = 1.6435^, N™ = i.6o57±, 
Np = r.5896±,Np — Np = 0.0539^=. Dispersion (F — C)forN„ = 
0.0171. Colorless. 

CaS406 forms biaxial crystals* with (-I-) 2V =32'’±,Np = i.675±, 
Nm = i.540±, Np = i.535±, Np — Np = o.i40±. Colorless. 

(NH4)2S208 is monoclinic with a :b : c = 1.296 : 1 : 1.187, P = 
76° 12'. Crystals basal tablets or elongated parallel to b. Imperfect 
001 cleavage. G. = 1.98. The optic plane is 010; ZAc =-1-27°. 
(-1-) 2V = 24°, p <v moderate. Np = 1.5866, Nm = 1.5016, Np = 
1.4981, Np — Np = 0.0885. Colorless. Made from H2O solution 
evaporated at ordinary temperature. 

Rb2S208 is monoclinic with a :b :c = 1.281 : i : 1.188, 0 = 76° 
32'; crystals basal tablets or elongated parallel to b. No distinct 
cleavage. G. = 3.13. The optic plane is 010; Z A c =-1-26.5°. 
(-1-) 2V = 35°, p <v weak. Np = 1.5719, Nm = 1.4888, Np = 
1.4812, Np — Np = 0.0907. Made from warm solution. 

£28208 is triclinic with a : 6 : c = 0.576 :1 :0.574, a = 98° 33', 

Zeit. Kryst.y LVIII, 1023, p. 461; corrected in Zeit, Kryst.y LIX, 1925, p. 249. Rose 
{Cent, Min,y 1917, p. 85) gives = 1.444 Na, N« = 1.491, N*,. — No ~ 0.047 for CS2S2O6, 

Salt prepared by E. T. Allen—^properties measured by H. E. Merwin—^personal 
communication, Mar. 25, 1931. 
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/3=94® 2', 7 = 88® 39'. Crystals 010 tablets. Twinning on 010. Dis¬ 
tinct 010 cleavage. G. = 2.48. The optic axes are in the positive 
octant, (-h) 2V = 29° 32'. Ng = 1.5657, Nm = 1.4669, Np = 
1.4609, Ng — Np =■ 0.1048. Made from solution at ordinary tem¬ 
perature. 

K2Cr207 is triclinic with a : b : c == 0.558 : i :0.551, « = 82° o', 

= 90® 51', 7 = 83° 47'. Crystals prismatic or thick 010 tablets. 
Twinning on 010 and others. Perfect 010, distinct 100 and 001 cleav¬ 
ages. G. = 2.69. The optic plane is nearly normal to 001 between 
100 and olo. X makes angles of 86° 27', 68° 6 ' and 13° 43' with nor¬ 
mals to 100, oTo and 001; Z makes angles of 77° 5', 23° 5' and 76° 21' 
with normals to 100, oTo and ooT. (-f-) 2V = 52° 24' Li, 51° 53' D, 
p> V. Ng = 1.8197, N„ = 1.7380, Np = 1.7202, Ng - Np = 0.0995. 
Color aurora red; pleochroic with X = red, Z = yellow. Made from 
the warm solution. 

16. HYDROUS POLYTHIONATES, POLYCHROMATES, ETC. 

CaS20o-41120 is trigonal with c = 1.50. Crystals six-sided basal 
plates with imperfect basal cleavage. G. = 2.18. Uniaxial negative ^8 
with No = 1.5456 B, 1-5516 D, 1.5580 F, N, = 1.5369 B, 1.5414 D, 
1.5467 F, No — Ne = 0.0102 D (Rose); also No = 1.5468 C, 1.5496 D, 
1-5573 F (Tops 0 e ).^7 

SrS206-4H20 is trigonal with c = 1.502. Crystals six-sided basal 
plates with imperfect basal cleavage. G. = 2.37. Uniaxial negative 
with No = 1.5266 C, 1.5296 D, 1.5371 F, No = 1.5232 C, 1.5252 D, 
1.5312 F, No — N, = 0.0044 D (Tops0e)''^; also No = 1.5260 (672), 
1-5297 (579). 1-5357 (492), No = 1.5232 (672),1.5262 (579), 1.5310 
(492) (Rose ^®). 

PbS206-4H20 is trigonal with c = 1.516. Crystals six-sided 
basal plates or rhombohedrons with no cleavage. G. = 3.25. Uni¬ 
axial positive with No = 1.6295 C, 1.6351 D, 1.6481 F, N* = 1.6492 C, 
1.6531 D, 1.6666 F, No — No = 0.018 D (Tops0e);^2 ajgQ _ 1.6^03 
(672), 1.6366 (579), 1.6480 (492), No = 1.6500 (672), 1.6557 (579). 
1.6672 (492) (Rose-’’®). Also slightly biaxial. Made from the cold 
solution. PbS20u - 4H2O forms a continuous series of six-sided crystals 
with SrS20o • 4H2O, with rectilinear variation of the refractive indices.^s 

Li2S20o -31120 is orthorhombic with a :b : c <= 0.966 : i : 0.578. 

H. Rose: N, Jakrb. Min. Beil. Bd. XXIX, igio, p. 74. 

^^Tops0eand Christiansen: Groth: Chem. Kryst.^ II, 1908, pp. 705-^. 

^^Zeit. Krysf., LII, 1913, p. 48. 
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Crystals macrodomatic, with perfect lOo cleavage. G. = 2.16. The 
optic plane is 001; Z = a. (+) aV = 78° 16', N, = 1.5763 C, 1.5788 
D, 1.5887 F, Nm = 1.5565 C, 1.5602 D, 1.5680 F, Np = 1.5462 C, 
1.5487 D, 1.5548 F, N» - Np = 0.0301 D, 

Na2S20e • 2H2O is orthorhombic with a :b :c = 0.992 : 1 : 0.598. 
Crystals prismatic, with perfect 110 cleavage. G. = 2.19. The optic 
plane is 010; Z = a. (+) 2V = 73° 26' Li, 75° 14' Na, 76° 28' green, 
p <v strong. Np = 1.5158 Li, 1.5185 Na, 1.5212 gr., N„ = 1.4927 
Li, 1.4953 Na, 1.4978 gr., Np = 1.4803 Li, 1.4820 Na, 1.4838 gr., 
Np - Np = 0.0355 Na. 

K2Cr207• Hg(CN)2• 2H2O is orthorhombic with a :b :c = 0.794 : 
I : 1.495. Crystals short prismatic with no cleavage. The optic 
plane is 100; Z = c. (+) 2E = 99° 22' red, 62° 6' green, 2V = 57° 
18' red. Nm = 1*591 red, Np — Np = ? Made from solution. 

Ag2S20e-2H20 is orthorhombic with a :b : c = 0.988 : i : 0.581. 
Crystals prismatic with perfect no cleavage. G. = 3.62. The 
optic plane is 001; X = 6. ( —) 2V = 33° 21'C, 28“ 6'F; Np = r.66oi 
C, 1.6770 F, Nm = 1.6573 C, 1.6748 F, Np = 1.6272 C, 1.6404 F, Np — 
Np = 0.0329 C, 0.0366 F. Isomorphous with Na2S20o-21120. 

K2S506.^I-l20 is orthorhombic with a :b : c = 0.456 : i ; 0.305. 
Crystals prismatic (no, 010, on, etc.) or thick 010 tablets terminated 
by 221 with no distinct cleavage. The optic plane is 010; X = a; 
positive elongation. ( —) 2V = 65°±, p > v. Np = 1.658, Nm = 
i. 63±, Np = 1.570, Np — Np = 0.088 (Mason); Np = i.655±, 
Nm = 1.63, Np = 1.565, N, — Np = 0.090 (Merwin'®“). Colorless. 
Made from H2O solution. 

BaS606-^H20? is orthorhombic in rectangular tablets flattened 
parallel with the optic plane.^^ (+) 2V = fairly large. Np = 1.670, 
Nm = 1.640—, Np = 1.620—, Np — Np = 0.050+. Colorless. Crys¬ 
tallized from H2O solution by addition of alcohol. 

BaS206‘2H20 is monoclinic with a :b :c = 0.94 : i : 1.38, /3 = 
68® 39'. Crystals varied with perfect 001 cleavage. Twinning on 001. 
G. = 3.12. The optic plane is 010; ZAc = —13°. (+) 2V = 

83® 6'-83® 31' Li, 84® 28'-84® 38' Na, 87° i8'-87° 38' green, p<v 
strong. Np = 1.6055 Li, 1.6072 Na, 1.6090 gr., Nm = 1.5935 Li, 
1.5951 Na, 1.5976 gr., Np = 1.5848 Li, 1.5860 Na, 1.5881 gr., N, - Np 
“ 0.0212 Na. 

79 Optic properties determined by C. W. Mason—^personal communication, Jan. 31, 
X930. 

79 ^ Personal communication, Mar. 25,1931. 
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BaS20u-41120 is monoclinic with a :b :c = 1.222 : i : 1.127, 
= 85° 44'. 110 cleavage. Pseudohexagonal by twinning on no. 

G. == 3.1. Z = A; XAc = —45°. (+) 2V = 87° 20' red, 89° 42' 
green, Nm = 1.532 red, N* — Np = strong. Colorless. 

CaS203.6H20 forms biaxial crystals ^ with oblique extinctions. 
(+) 2V = 6o°± calc. Nj = i.6os±, Nm = i.56o±, Np = i.545±, 
Np — Np = o.o6o±. Colorless. 

Na2Cr207 • 2H2O is monoclinic with a :b : c = 0.57 : i ; 1.182, 
/3 = 85° 5'. Crystals basal plates with no cleavage. Deliquescent. 
G. = 2.53. The optic plane is normal to 010; 7 , Ac =+13°. (+) 2V 
= 83° 42', p < V. Np = 1.751, N,„ = 1.6994, Np = 1.6610, Np — 
Np = 0.090. Made from solution. 

SrCr207-3HoO is monoclinic with a : b : c = 0.602 : i : 0.546, 
P = 87° 28'. Crystals 100 plates. The optic plane is 010; Z A c = 
+ 78°. (+) 2V = 20° 28', p <v. Np = 1.812 (calc.), N„, = 1.7174, 

Np = 1.7146, Np — Np = 0.0954. Made from solution. 

Na 2 S 203 -5320 is monoclinic with a :b : c = 0.351 ; i : 0.275, 
P = 76° 2'. Crystals prismatic or 010 laths. G. = 1.7±. The 
optic plane and Z are normal to 010. X A c = —41?° Na (—42° 18' 
F). (+) 2V = 80° 40' Na, p < V. Np = 1.5311 Li, 1.5360 Na, 1.5405 
Tl, Nm = 1.5038 Li, 1.5079 Na, 1.5117 Tl, Np = 1.4849 Li, 1.4886 Na, 
1.4919 Tl, Np — Np = 0.0474 Na. Made from H2O solution. 

MgW40i3-81120 is monoclinic with a :b : c = 0.676 ; i : 0.779, 
P = 73° I7^ Crystals 001 plates. The optic plane and Z are normal 
to 010; X A c = —66°. (+) 2V = 77° 50', p < V weak. Nm = 1.74, 

Np — Np = ? Made from barium metatungstate and magnesium 
sulphate. 

H8Na6(Mo04)7-i8H20 is monoclinic with a :b :c = 2.092 : i : 
2.024, = 76° 35^ Crystals short columnar (100 and 010), twinned 

on 100, with imperfect 100 cleavage. The optic plane and X are 
normal to 010; Zac = —85°red,— 84°3o'Na, —83°blue. (+) 2V = 
84° 16' red, 84° 6' Na, 83° blue, p > v weak. Nm = 1.627, Np — Np 
= strong. Made from HNO3 solution of sodium molybdate. 

062(8206)3-15320 is triclinic with a :b : c = 0.592 : i : 1.191. 
a = 81° 26', p = 105° 21', 7 = 86° 38'. Crystals thick 001 tablets 
with perfect 100 cleavage. G. = 2.29. Both axes visible through 001 
with the acute bisectrix inclined to the left and with unsymmetrical 
dispersion; the optic plane cuts the a axis at about 20°. (—) 2V * 
88 ° 52', p> V weak. N*. = 1.507, Np — Np =■ ? Formed from solu¬ 
tion below 15° C. 
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17 . COMPOUNDS OF SULPHATES, ETC., WITH SALTS OF 
OTHER ACIDS 

(NH4)3PdCl3S03-H20 is trigonal with c = 0.892; distinct pris¬ 
matic cleavage. Uniaxial positive with N* = 1.643 Na, Ne — Na = 
strong. Color deep red with X = carmine red, Z = reddish yellow. 

Na2S04NaF is hexagonal with c = 1.77; crystals 0001 tablets 
with hexagonal outline and trigonal symmetry. Distinct 0001 cleav¬ 
age. Slowly soluble in H2O; fu.ses easily. H. = 3.5. G. = 2.61. 
Uniaxial positive with No = 1.436, N<, = 1.439, No — No = 0.003. 
Colorless. The natural substance,**'*” which forms steep rhombohedrons, 
has been named schairerile\ it contains about 3.5 per cent Cl replac¬ 
ing F, has no cleavage and has No = 1.440, N,: = 1.445, No — No = 
0.005. 

Na2C03-2Na2S04 is orthorhombic** with a :b:c = 0.579 • * * 
1.213. Crystals pyramidal in cyclic penetration twins on 101. The 
optic plane is 001; X — a. (-f) 2V = moderate. N^ = 1.480, 
Nm = 1.469, Np = 1.463, Nj — Np = 0.017. Colorless. Made from 
H2O solution above 25° C. 

2NH4NO3 • (NH4)2S04 is orthorhombic **2 with a :h : c= 1.106 : i: 
3.804;** crystals 001 hemimorphic tablets and similar to (NH4)2S04 in 
crystal habit with 001 cleavage and pseudohexagonal twinning on 110. 
The optic plane is 010,** (or 100**); X = c. ( —) 2V = 64°. Np = 
1.536, Nm = 1.531, Np = 1.521. Np = Np = 0.015. Colorless. 
Made from solution. Another sample of the same composition resem¬ 
bled NH4NO3 in crystal habit and had cleavages normal to X and to 
Y withNp = 1.543, Nm = 1.528, Np = 1.469 - 2V = 55°). N* - 

Np = 0.074. 

Na6P2M06O23-i4H2O is orthorhombic with a :bc: = 0.797 * ^ * 
1.073. Crystals prismatic with perfect 102 cleavage. The optic 
plane is 100; X — b. (—) 2V = 51° 18' Na, p <v weak. Np = 
1.6430 Li, 1.6520 Na, 1.6610 Tl, Nm = 1.6328 Li, 1.6411 Na, 1.6494 
n, Np = 1.5906 Li, 1.5962 Na, 1.6017 Tl, Np — Np = 0.0558 Na. 

Sr2SiWi2O40*16320 is monoclinic with a:b :c = 1.845 * i ’ 
1-570, /3 = 75“ 24'. Crystals prismatic with no, 100, loi, ooi, on. 
The optic plane and X are normal to 010; Z Ac = —17°. (-b) 2V = 

*® H. W. Foote and J. F. Schairer; Jour. Am. Chem. Soc., LII, 1930, p. 4202. 

*“ W. F. Foshag: Am. Mineral., XVI, 1931, p. 133. 

** A. F. Rogers: Am. Jour. Set., CCXI, 1926, p. 473. 

‘‘ Thomas and Hallimond: Trans. Faraday Soc., XX, 1924, p. 56. 

“ E. Jlinecke et al.\ Zeit. anorg. Chem., CLX, 1927, p. 171. 
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86® 50' Na, p < V very strong. Nm = 1.749, — N, = rather 

strong. Made from H2O solution above 50° C. 

Ba2SiWi204o • 16H2O is monodinic with a : b : c = 1.799 • ^ • 
1,544, = 76° 7'. Crystals short prismatic with no, 100, lol and on. 

The optic plane and X are normal to 010; Z Ac = — 14®. ( —) 2V = 

78® 44' Na, p> V very strong. N™ = i,8r6, Nj - N, = rather strong. 
Made from solution above 30° C. 

3(NH4)20*Te02-6Mo02*7H20 is apparently tridinic in fairly 
large crystals showing well-developed basal pinacoids and smaller 
prisms and pyramids. Basal pinacoid plates are usually six-sided 
and show inclined extinction.®^ (—) 2V = 74®± 5° (calc.), N, = 
1.755 ± 0-003) N„ = 1.710 ± 0.05, Np = 1.639 ± 0.003, Nj - N, = 
0.116. 

IX. PHOSPHATES, ETC. 

The phosphates, vanadates, arsenates, and antimonates are 
induded in this division. The arrangement begins with anhydrous 
add and normal salts of monovalent bases and of maximum sym¬ 
metry and continues to hydrous basic salts of several bases and of 
minimum symmetry. Then follow metaphosphates, phosphites, 
arsenites, antimonites, hypophosphates, pyrophosphates and pyroan- 
timonates. The division ends with a few phosphates which contain 
salts of other oxygen adds. 

1. ANHYDROUS ACID PHOSPHATES, ETC., OF MONOVALENT BASES 

KH2PO4 is tetragonal with c = 0.939. Crystals simple pris¬ 
matic (terminated by a pyramid of the same order), as in Fig. 253, with 
no distinct deavage. G. = 2.34. Uniaxial negative with No = 
1.5064 C, 1.5095 D, 1.5154 F, No = 1.4664 C, 1.4684 D, 1.4734 F, 
No — N, = 0,0411 D, Colorless. Made from cold solution. 

EH2ASO4 is tetragonal with c = 0.938. Crystal simple prismatic 
(terminated by a pyramid of the same order) with G. = 2.88. Uniaxial 
negative with No = 1.5632 C, 1.5674 D, 1.5762 F, N, = 1.5146 C, 
1.5179 D, 1.5252 F, No — No = 0.0495 F>. Colorless. 

NH4H2PO4 is tetragonal with c = 1.008. Crystals prismatic 
(terminated by the pyramid) with G. = 1.80. Uniaxial negative with 
No = 1.5212 C, 1.5246 D, 1.5314 F, Ne = 1.4768 C, 1.4792 D, 1.4847 
F, No — N, = 0.0454 D. Colorless. 

•♦Optic properties measured by Dr. V. A. Vigfusson on crystals prepared by Dr. 
Vo W. Meloche and assistants. 
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NH4H2A804 is tetragonal with c «= 1,004. Crystals prismatic 
(terminated by the pyramid) with no distinct cleavage. G. = 2.32. 
Uniaxial negative with N« = 1.5721 C, 1.5766 D, 1.5859 F, N, = 
1.5186 C, 1.5217 D, 1.5296 F, No — N« = 0.549 D. Colorless. 


Ag 2 HP 04 is trigonal with c = 0.73. 
Crystals prisms or 0001 tablets. Very unstable 
in light or moisture. Uniaxial negative with 
No = 1.8036 Na, Ne = 1-7983, No — N« = 
0.0053. 

2. HYDROUS PHOSPHATES, ETC., OF MONOVALENT 
BASES 

Na7FP208-19H2O is isometric and octa¬ 
hedral. G. = 2.22. Isotropic with N = 1.449 
Li, 1.452 Na, 1.455 Tl. Colorless. Made 
from a mixture of solutions of sodium phos¬ 
phate, soda, and sodium fluoride. 

Na7FAs208* 19H2O is isometric and octa¬ 
hedral. Isotropic with N = 1.4657 Li, 1.4693 



Fig. 253.—A crystal habit 
of KH2PO4. 


Na, 1.4726 Tl. Colorless. Made from a mix¬ 


ture of solutions of sodium arsenate, sodium hydroxide and sodium 


fluoride. 


Na7FV208 • 19H2O is isometric and octahedral. Isotropic with 
N = 1.5171 Li, 1.5230 Na, 1.5284 Tl. 

Na3P04 • 10H2O is isometric * in octahedrons and dodecahedrons. 
Isotropic with N = 1.450. Colorless. Made from hot H2O solution 
of sodium phosphate. 

Na3V04-101120 is dimorphous; one phase is isometric and dode¬ 
cahedral with N = 1.5244 Li, 1.5305 Na, 1.5366 Tl; another phase is 
in hexagonal basal plates which are uniaxial positive with N. = 1-5332 
Li, 1.5398 Na, 1.5460 Tl, N. = 1.5408 Li, 1.547S Na, 1.5537 Tl, 
N, — No = 0.0077 Na. 

Na3P04-120:20 is trigonal with G. = 1.64. Crystals long pris¬ 
matic with 0001. Uniaxial positive with N. = 1.4458 Na, N, = 
1.4524, N, — No = 0.0066. 

Na3As04-i2H20 is trigonal with G. = 1.78. Crystals prismatic 
with 0001. Uniaxial positive with N. = 1.4553 Li, 1.4589 Na, 
1.4624 Tl, N, = 1.4630 Li, 1.4669 Na, 1.4704 Tl, N, — No = 0.0080. 


^ C. W. Mason: personal communication, Jan. 31, 1930. 
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Na3V04-i2H20 is trigonal. Crystals prismatic with booi. 
Uniaxial positive with No = 1.5040 Li, 1.5095 Na, 1.5150 Tl, N« = 
1.5173 Li, 1.5232 Na, 1.5293 Tl, No - No = 0.0137 Na. 

NaH2P04'H20 is orthorhombic with a : b :c = 0.934 : i : 0.962; 
crystals short prismatic. G. = 2.06. The optic plane is 010; X — a. 
(—) 2V = 29° o' Li, 29° 22' Na, 29° 48' Tl, p < weak. N* = 1.4841 
Li, 1.4873 Na, 1.4902 Tl, No, = 1.4821 Li, 1.4852 Na, 1.4881 Tl, 
Np = 1.4527 Li, 1.4557 Na, 1.4583 Tl, N^ — N, = 0.0316 Na. Color¬ 
less. Made from the syrupy H2O solution. A second phase is known 
—also orthorhombic with a : b : c — o.Sij : 1 : 0.500. 

NaH2As04-H20 is orthorhombic with a : b : c = 0.817 : 1 : 0.498. 
Crystals prismatic. G. = 2.67. The optic plane is 010; X == c. (—) 
2V = 67° 15' Li, 67° 57' Na, 68° 33' Tl, p<v. N, = 1.5563 Li, 1.5607 
Na, 1.5647 Tl, N„ = 1.5494 Li, 1.5535 Na, 1.5573 Tl, N, = 1.5341 
Li, 1.5382 Na, 1.5418 Tl, N, — N, = 0.0225 Na. Colorless. Made 
from H2O solution. A second phase which is monoclinic, is appar¬ 
ently made at higher temperature. 

NaH2P04-21120 is orthorhombic with a :b :c = 0.915 : i : 1.569. 
Crystals pyramidal or brachydomatic. G. = 1.92. The optic plane 
is oio; X = c. (—) 2V = 82° 50'. Nj = 1.4782 Li, 1.4815 Na, 
1.4843 Tl, N„ = 1.4600 Li, 1.4629 Na, 1.4655 Tl, N, = 1.4376 Li, 
1.4401 Na, 1.4423 Tl, Nj — Np = 0.0414 Na. Made by cooling a 
warm concentrated solution. 

NaH2As04-21120 is orthorhombic with a :b :c = 0.918 : i : 1.604. 
Crystals pseudo-octahedral with loi, on, etc. G. = 2.31. The 
optic plane is 010; Z = c. (-f) 2V = 88°5o', p < »weak. N, = 1.5265, 
Nm = 1.5021, Np = 1.4794, N, — Np = 0.0471 Na. 

NH4NaHP04-4H20 or microcosmic salt is pseudomonodinic ^ 
with a :b :c — 2.908 : i : 1.859, P ~ 3°^- Crystals short pris¬ 

matic as in Fig. 254; no cleavage. H. = 2. G. = 1.57. F. = 79° C. 
Loses NHa and H2O between 96° and 200° C., changing to NaPOa 
which forms sodium phosphate “ beads,” of importance in blow-pipe 
work. The optic plane is (nearly) normal to 010; on 001, X'A 100 
= 9 ° 35'; on 100, X'Aooi =1° 20' with strong dispersion; Z is 
nearly normal to 001. (-f) 2V = 35° 34^ p> v rather strong. 
Np = 1.469, N« = 1.442, Np = 1.439, Np — Np * 0.030. A section 
parallel to 010 shows two sets of lamellar twinning at about 90°. 
Colorless. Made from H2O solution. The natural substance, called 
stercorite, is found in guano. 

* A. Schaschek: Tsch. Min. Pet. MU,, XXXII, 1913, p* 402. 
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NH4NaHAs04 4H2O is monoclinic' with a :b :c = 2.872 : i : 
1.859, /3 = 81° i'. Crystals short prismatic. No cleavage. H. = 2. 
G. = 1.845. The optic plane is 010; Z A c = +18°. (+) 2V = 38°. 
N, = 1.4791 Na, Nm = 1.4663, Np = 1.4649, N, - Np = 0.0142. 
Colorless. 


Na2HP04 7H2O is monoclinic with a : b :c = 1.205 • ^ • 1-327, 
P = 83° 3'. Crystals thick prismatic basal plates. G. = 1.68. 
The optic plane is normal to 010; Z A c = —72°. (-+-) 2V = 39® 33' 

Li, 38° 50' Na, 37° 59' Tl, p> V. Np = 1.4497 Li, 1.4526 Na, 1.4552 
Tl, Nm = 1-4395 Li, 1.4424 Na, 1.4449 Tl, Np = 1.4382 Li, 1.4412 Na, 
1.4437 Tl, Ng — Np = o.oi 14 Na. Colorless. Made from H2O solu¬ 
tion above 30° C. 

Na2HAs04 - 7H2O is monoclinic with a : ; c = 1.229 : i : 1.353, 


/3 = 8 2 ° 46'. Crystals thick 
basal plates or prismatic 
with 100 cleavage. G. = 
1.88. The optic plane is 
normal to 010; Z A c = 
-65“. (+)2V = 57“32' 

Li, 57“ 7' Na, 56° 43' Tl, 
p > V weak. N, = 1.4746 
Li, 1.4782 Na, 1.4814 Tl, 




Nm = 1.4623 Li, 1.4658 
Na, 1.4689 Tl, Np = 1.4587 
Li, 1.4622 Na, 1.4654 Tl, 
Ng—Np = 0.016Na. Color- 


Fig. 254.—A crystal habit 
ofNH 4 NaHP 04 - 4 H 20 . 
(After Groth.) 


Fig. 255.—A crystal 
habit of Na2HP04* 
12H2O. (After 
Groth.) 


less. Made from H2O solution above 20° C. 


Na2HP04-i2H40 is monoclinic with a :b :c — 1.732 : i : 1.416, 
j8 = 58° 36'. Crystals prismatic, as in Fig. 255. G. = 1.53. The 
optic plane is 010; XAc= — 31°, distinct dispersion. ( —) 2V = 
54“ 38' Li, 56° 43' Na, 58° 9' Tl, p < » marked. N, = 1.4341 Li, 
1.4373 Na, 1.4402 Tl, Nm = 1.4330 Li, 1.4361 Na, 1.4389 Tl, Np = 
1.4290 Li, 1.4321 Na, 1.4348 Tl, Ng — Np = 0.0052 Na. Colorless. 

Na2HAs04.i2H20 is monoclinic with a : 6 : c = 1.75 :1 :1.412, 
P “ 58° ii'. Crystals prismatic. G.= 1.67. The optic plane is 
normal to 010; Xac ==—i®. (—) 2V = 65° 13'. Ng = 1.4480 Li, 
1.4513 Na, 1.4545 Tl, Nm * 1.4462 Li, 1.4496 Na, 1.4527 Tl, Np « 
1.4420 Li, 1.4453 Na, 1.4482 Tl, Ng — Np = 0.006 Na. Colorless. 
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3 . ANHYDROUS ACID AND NORMAL PHOSPHATES, ETC., 

OF DIVALENT BASES 

Pb 3 (P 04)2 is hexagonal;^ crystals prismatic. F. = 1015® C. 
Uniaxial negative with No = 1.9588 C, 1.9702 D, 1.9994 F, N, = 
1.9269 C, 1.9364 D, 1.9618 F, No — No = 0.0338 D. Colorless. Made 
from fusion. 

Pb3(P04)2 with 2 per cent CeP04 is hexagonal.® Uniaxial nega¬ 
tive with No = 1.9587 C, 1.9690 D, 1.9999 F, No = 1.9227 C, 1.9322 
D, 1.9600 F, No — No = 0.0368 D. With 3 per cent CeP04 crystals are 
golden yellow with X = colorless, Z = canary yellow. No = 1.9586 
C, 1.9697 D, 1.9995 F, No = 1.9221 C, 1.9326 D, 1.9591 F, No — No =* 
0.0371 D. Made from fusion. 

SrHP04 is orthorhombic with a :b : c = 0.648 : 1 : 0.858. Crys¬ 
tals thin 100 plates. G. = 3.54. The optic plane is 100. N, = 
1.625,* No, = ?, Np = 1.608, No — Np = 0.017. Colorless. Made 
from solution above 150° C. 

BaHP04 is orthorhombic with a : b :c = 0.713 : 1 : 0.812. Crys¬ 
tals short prisms. G. = 4.16. The optic plane is 100. Np = 1-635,* 
N„ = ?, Np = 1.617. Np — Np = 0.018. Colorless. Made from 
solution. 

PbHAs04 is monoclinic with a : b : c = 0.864 • i * 0.718, p = 
84° 36'. Crystals 010 plates with distinct 010 cleavage. H. = 2.5. 
G. = 5.8. The optic plane and X are normal to 010; Y A c = +38®,^ 
-24°.^ (+) 2V = 58^ = 1.9765 Na, Nm = i. 9097 > = 

1.8903, N(7 — Np = 0.0862 (nat. cryst.).^ Colorless. Made by dis¬ 
solving the precipitate formed when sodium arsenate is added to lead 
nitrate solution in nitric acid and slowly reprecipitating with warm 
ammonia. The natural substance,® called schultenite, has been found 
in Africa. 

CaHP04 is triclinic with a : b : c = 0.647 • ^ • 0-824, a » 84° 57', 
/3 = 90° if, 7 = 94° 22'. Crystals thin oio plates or loT plates 
elongated parallel to the edge lol : on. H. = 3.5, G. = 2.92, F. = 3. 
Soluble in acid. An extinction direction in 100 at 30® to 010, in 010 at 
23° to loi, and in loT nearly parallel to 011 (elongation). N, = 1.63,* 
N„ = ?, Np = 1.61, N, — Np = 0.02. Colorless. Made from solu- 

»F. Zambonini: Bull. Soc. Fr. Min., XXXVIII, 1915, p. *o6. 

* Paul Gaubert: C. R. Cong. Sav. Soc. Set., 1925; Bull. Soc. Fr, Min,, L, 1927, p. 504. 

® A. de Schulten; Butt. Soc. Fr. Min., XXVII, 1904, p. 120. 

® L. J. Spencer: Mineral. Mag., XXI, 1926, p. 149. 
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tion above 50® C. The natiiral substance called monetite,'^ occurs in 
limestone beneath guano in the West Indies. 

SrHAs04 is triclinic with a :b :c = 0.647 = 1 ^ 0.835, a = 86° 32', 
/3 = 90° 46', 7 = 92° 4'. Crystals elongated parallel to 6. G. = 4.03. 
An extinction direction in roo is at 14° to b in the obtuse angle a. 

N, = 1.67,^ Nm = ?, Np = 1.65, Np — Np = 0.02. Colorless. Made 
from solution. 

H4Pb(As04)2 is triclinic; ® crystals rhomboidal plates with angle of 
68°. G. = 4.46. (—?) 2V = ? Np = ?, Nm = 1.82, Np = 1.74, 
Np — Np > 0.08. Extinction at 8° to a long edge. 

4 . ANHYDROUS BASIC (OR HALOGEN-CONTAINING) 
PHOSPHATES, ETC., OF DIVALENT BASES 

SrsClPaOi^ is hexagonal ® with G. = 4.87. F. = 1625° C. Uni¬ 
axial positive with No = 1.650, N, = 1.655, No — No = 0.005; a^lso® 
No = 1.658, No = 1.664, No — No = 0.006. Colorless. 

Sr5FP30i2 is hexag¬ 
onal ^ with F. = 1685° 

C. Uniaxial negative 
with No = 1.621, No = 

1.619, No — No = 0.002. 

Colorless. 

BasClPaOiz is hexag¬ 
onal® with G. = 5.95. 

F. = 1584° C. Uniaxial 
negative with N, = 1.701, F,c j,,; Fre. 

No = I •6991 No — No = Figs. 256,257.—Crystal habits of Ca6F(P04)3 (apatite). 

O. 002. Colorless. 

Ba5FP30i2 is hexagonal® with F. = 1670° C. Uniaxial negative 
with No = 1.669, No = 1.665, No — No = 0.004. Colorless. 

Ca6FP30i2 is hexagonal with c — 0.735. Crystals long to short 
prismatic with G. = 3.2. F. = 5. Soluble in HCl or HNO3. Uni¬ 
axialnegative with No = 1.6325,No = i.629±,No — No = o.oo3± 

^ Gaubert suggests that the indices measured by Larsen for monetite were made 
actually on gypsum. 

® C. C. McDonnell and C. M. Smith; Jour, Am, Chem, Soc., XXXVIII, 1916, p. 2027; 
also Inter, Crit, Tables, I, 1926, p. 116. 

•H. Winter: Inaug, Diss. Leipzig, 1913; Tables Ann, Int. Const,, IV, 1922, p. 1063, 
1067, 

‘®R. Nacken: Cent, Mineral, 1912, p. 546; F. Zambonini: Zeit, Kryst,, LVII. 
1923, p. 271- 
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Colorless. Made from fusion. The natural substance, called fluor- 
apatite, is not rare. 

CasClPaOia is hexagonal with c = 0.735. Crystals prismatic. 
Uniaxial negative with N« = 1.6642 B, 1.6668 D, 1.6747 F,No — N, = 
0.0006 to o.ooio. Also ^ No = 1.642, No = 1.637, No — No = 0.005. 
Colorless. Made from fusion. Forms a series with Ca6FP30i2. 
Artificial Ca3(P04)2: CaCl2 = 4.34 : i has No — N« == 0.0050 to 
0.0058. The natural substance, called chlorapatUe, is uncommon. 
PbsClAs30i2 is hexagonal with c — 0.725. Crystals prismatic. 

H. = 3.5. G. = 7.15. F. = 1. Soluble in HNOa- Uniaxial nega¬ 
tive “ with No = 2.16, No = 2.13, No — No = 0.03. Colorless. 

Ca 2 ClP 04 is orthorhombic in oblong plates with good 001 clea^•- 
age. G. = 3.17. The optic plane is 010; Z = c. (-I-) 2V = large. 

N, = 1.670, Nm = 1.665 (1.658 Nacken)*^, Np = 1.649, N, — Np = 

O. 021. Colorless. 

Zn2(0H)P04 is orthorhombic (?). The optic plane is 010 and 
X = a. (—) 2V = large. Np = 1.629, Nm = 1.624, Np = 1.608, 
Np — Np = 0.021. Colorless to brownish. Produced by dehydra¬ 
tion of spencerite. 

Cu 2(0H)P04 is orthorhombic with Nm = i.743. 

Zn4P209 is orthorhombic (?). The optic plane is normal to 
010; X = a. ( — ) 2V = 25°-35°. Np = 1.660, Nm = 1.656, 
Np == 1.630, N, — Np = 0.030. Color bwiwn (due to air films in the 
cleavages?). Produced by dehydration of spencerite. 

Ca4P209 is monoclinic with a -.b :c = 0.577 : i ; 1.255, = 

90°±. Crystals 010 tablets with imperfect 010, 100 and 001 cleav¬ 
ages. G. — 3.06. Lamellar twinning on 001 and on 100. The optic 
plane is 010; Z = c nearly. {+) 2V = 20° (red), 40® (blue). Nm = 

I. 64, Np — Np = rather strong. Colorless. Common in Thomas 
slags. 

5. ANHYDROUS PHOSPHATES, ETC., OF TRIVALENT BASES 

FeAs04 is monodinic with a : b :c = 0.616 : i : 0.322, = 77° 8'. 

Crystals prismatic, vertically striated, with distinct 001 cleavage. 
H. = 5. G. = 4.32. F. = easy. Slowly soluble in add. Extinc- 

C C. McDonnell and C. M. Smith; Amer, Jour, ScL, CXCII, 1916, p. 139. 

F. K. Cameron and W. J. McCaughey: Jour. Phys. Ckem.f XV, p. 463. 

Nacken: Cent, Mineral., 1912, p. 551. 

T. L. Walker and A. L. Parsons: Univ, Toronto Studies, Geol, Ser., No. 12,1921, p. 58. 
^Int. Crit. Tables, I, 1926, p. 123. 
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tion on oio at +53° from c. N =* 1.78. Color black to brown; 
strongly pleochroic with a = greenish yellow, b = dark brownish 
yellow as seen in 001, and olive brown to dear yellowish brown as 
seen in 010. 


6 . HYDROUS PHOSPHATES, ETC., CONTAINING 
TETRAVALENT OR Hi:XAVALENT BASES 

Cu(U 02)2P208-12H2O is orthorhombic and pseudotetragonal 
with c = 2.97 and perfect 001 and distinct 100 deavages. H. = 2- 
2.5. G. = 3.22. F. = 2.5. Soluble in HNO3. (—) 2V = very small, 
N, = 1.592, Nm = 1.592, Np = 1.582, N, — Np - o.oio. Color 
green with X = pale green or pale blue, Y = Z = greenish yellow 
and X < Y == Z. The natural substance, called torbernite, is found in 
veins, etc. By dehydration at about 65° C. to “ 8H2O ” it is pseudo¬ 
tetragonal with c = 2.28. G. = 3.68. Nearly uniaxial and positive*® 
in red and yellow light, isotropic in green light and negative in blue 
light. The interference colors are quite abnormal, being confined to 
red and blue. N» = x.624 Na (1.610 to 1.628), Ne = 1.626, N« — No 
= 0.002. Color green with X = pale blue, Z = green. The natural 
substance, called metatorbernite, is found in Cornwall, etc. On further 
heating the substance loses one H2O at about 95® C., four more at 
about 150 C., two more at about 225° C., and the last one at red heat. 
Above 100° C. the substance is dearly orthorhombic with twinning on 
no; it finally turns brown and becomes deddedly biaxial (negative) 
with X = c and Z = a; an intermediate stage has a smaller optic 
angle about X with X = c and Z = b. The water is lost only through 
vertical faces and not through the base.** 

Ca(U’02)2P208- 12H2O is orthorhombic and pseudotetragonal with 
perfect 001 and distinct 100 and 010 deavages. G. = 2.50. The 
optic plane is 010; X = c. (—) 2V = 69®, N, = 1.521, Nm = 1.510, 
Np = 1.488 (calc.), N, — Np = 0.033. Color yellow with X = pale 
yellow, Y and Z = deep yellow. The natural substance, perhaps 
uranospalhite,^^ is found in Cornwall. By dehydration to about 
“ 8H2O,” the substance is stiU orthorhombic with a :b :c = 0.988 : i : 
2.852 and pseudotetragonal with perfect 001 and distinct 100, 010 and 
no deavages. Twinning on no. H. = 2-2.5. G. = 3.10. F. = 3. 

” N, L. Bowen: Am, Jour, Sci,j CXCVIII, 1919, p. 195, 

F. Rinne: Cent. Min.y 1901, p. 623; Buchholz; Cent, Min,, 1903, p. 363. 

“ A. F. Haliimond: Mineral. Mag., XVn, 1916, p. 326; XIX, 1920, p. 43. 

A. F. Haliimond: Mineral, Mag,, XVII, 1915, p. 221, 



276 


ARTIFICIAL INORGANIC SOLID SUBSTANCES 


Soluble in HNO3. The optic plane is still 010 with X - c. (—) 2V - 
33°»N, = 1.577, Nm = i-575>Np = i.553>N, - N, = 0.024. Another 
measure 20 gave (—) 2E = 45°, Nm = 1.596. Also uniaxial negative 
with No = 1.598, No = 1.586, No — No = 0.014. With about 7H2O, 
No = 1.600, No = 1.590, No — No = o.oio. Some crystals weakly 
birefringent in basal plates (with a gray-blue interference color) and 
therefore biaxial. Color yellow with X < Z. In a desiccator the 
substance may become uniaxial. A natural substance called autunite 
is probably the same. A monoclinic mineral (of the same composition?) 
has been described as bassetiteP In a desiccator the extinction angle 
(Z A f) in bassetite increases from — 4° to 20°. By exchange of bases 
between artificial autimite and salts in solutions in which the mineral 


is placed the calcium may be replaced by sodium, potassium, barium, 
manganese, copper, lead or magnesium. This exchange is controlled 
by valence in all cases, but under suitable conditions another sodium 

compound can be produced in 

- = —-- - which atom-for-atom replace- 

ment of calcium by sodium 

-=■- „ may have occurred. Also P2O6 

V ' in autimite can probably be 

- :i replaced by AS2O5, V2O5, etc., 

■ ■■ —,, quite easily. The tenor of 

^ ^ water in these minerals varies 

Fig. 258.—Optic orientation of CaiUOalsCPOUs- , ,. 

8 H>0 (autunite). very easily dependmg upon 

vapor pressure and temper¬ 
ature. The following compounds have been made and measured 


ature. The foUowmg compounds have been made and measured 
optically: 

Na2(U02)2P208-6.5H20 is nearly uniaxial and negative with 
N, = 1.582, Nm nearly = N,, N„ = 1.562, N, — Np = 0.020. 

NaH(U02)2P208-7.3H20 is nearly uniaxial and negative with 
No = i.58o±. No = ?, No - N* = moderate. 

Na2(U02)2P208-6.51120 with 2CaO : Na20 = i : 9 is uniaxial 
negative with No = 1-584,^“ N, = ?, No - N, = moderate. 

K2(U02)2P208-«H20 is negative and uniaxial or biaxial; the 


crystals are not rectangular in outline, but have an angle of 82° instead 
of 90°—^perhaps monoclinic. They show fine rectangular lamellar 
twinning like microcline. Biaxial crystals have a small optic angle. 


Stoces: Mineral. Abst.^ I, 1922, po 291. 

« J. G. Fairchild and W. T. Schaller; Am. Mineral., XIV, 1929, p. 265. 
*• Correction of published value—see Am. Mineral., XIV, 1929, p. 490, 
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N» = i. 575 » Nm nearly = N^, N, = 1.553, N, - N, = 0.022. [Appar¬ 
ently these crystals were produced by solution and redeposition rather 
ttian by base exchange.—A.N.W.] 

Ba(U02)2P208-6.iH20 is pseudotetragonal and negative, most of 
the crystals being uniaxial. Broad lamellar twiiming on both 100 
and no. No = 1.613, = 1.604, N# — N« = 0.009. 

Mn(D'02)2P208-7.6H20 is tetragonal to pseudotetragonal with 
weak to moderate birefringence in basal plates and lamellar twinning 
on 110; some plates show the ultra blue ” interference color due to 
dispersion. No = 1.598 to 1.601, No = ?, No — N* = weak to mod¬ 
erate. 

Cu(D’ 02)2P208-10.61120 is pseudotetragonal; nearly uniaxial and 
negative with No = 1.608, No = ?. Color deep green. This is prob¬ 
ably the same as the natural mineral known as torbernite (partly dehy¬ 
drated), in which No = 1.592, N« = 1.582, No — No = 0.010 and 
X <Z. 

Pb(U02)2P208-8.4H20 is pseudotetragonal in 8 -sided basal plates 
or less regular flakes. Basal plates are very weakly birefringent. 
Nj = 1.625 — 1.627, Nm nearly = N*, Np = ?, N, — Np = ?. 

Mg(U02)2P208 • 8.1H2O is pseudotetragonal; basal plates isotropic 
or weakly birefringent. No = i.58±, No = ?, No — N* =?. Nearly 
colorless. 

7. METAPHOSPHATES, ETC. 

NH4PO3 is monoclinic ;23 crystals platy with G. = 2.21. Biaxial 
positive of large optic angle with N^ = 1.505, Nm = ?, Np = 1.490, 
Np — Np = 0.015. Colorless. Made by reaction of (NH4)2S and 
Pb(P03)2 and precipitation with alcohol. 

NaPOs is apparently monoclinic.^^ It is biaxial negative of large 
optic angle with N® = 1.486, Nm = ?, Np = 1.473, N, — Np = 0.113. 
Colorless. Made by dehydrating NaH2P04-21120 in an electric 
furnace. 

CaV20e-4H20 is triclinic 2® with a = 98“ 18', /S = 97° 24', 7 = 
89“ 34^; crystals prismatic with distinct 010 cleavage. H. = 2-3. 
G. = 2.45. Z — cd:; extinction on 001 at 16° to 010. (-1-) 2V = 

large, with very strong dispersion. N, == 1.840, Nm = 1.770, Np = 
1.710, Np — Np = 0.130. Color yellow. The natural substance, 
called rossite, was found in a vein in Colorado. 

** R. J. Colony: Jour, Am. Chem. Soc.^ XLIX, 1927, p. 123. 

** R. J. Colony: Jour. Amer. Chem. Soc., XLIX, 1927, p. 1880. 

« W, F. Foshag and F. L. Hess: U. S. Nat. Mus. Proc., LXXII, 1927, Art. ii. 
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8 . PHOSPHITES, ETC. 

NaaHPOaSHaO is orthorhombic with a :b :c = 0.70 : i : 0.78. 
Crystals prismatic. The optic plane is 001; Z = a. (+) 2V = 44°. 
Nm = 1.4434, N, — Np = weak. Colorless. 

NaH2P03-2.5H20 is monoditiic with a :b :c = 1.202 : i : 0.796, 
/3 = 80° 7'. Crystals thick 001 tablets. The optic plane is 010; 
Zac = -54° 33'. (+) 2V = 77° 36' Li, 77“ 38' Na, 77° 40' Tl, 

p <v very weak. Nj = 1.4493 Na, N„ = 1.4281 Li, 1.4309 Na, 
1.4334 Tl, N;, = 1.4193 Na, Nj — Np = 0.030. Colorless. 

Q. HYPOPHOSPHATES 

K2H2P20e-3H20 is orthorhombic with a :b : c = 0.992 : i : 
0.901. Crystals vertical columnar with 100, 010, no, loi, 103, etc. 
The optic plane is 100; X = c. ( —) 2V = 62°, p < v very weak. 
N<,= 1.4870 Na, Nm = 1.4843, Np = 1.4768, Nj — Np = 0.0102. 
Colorless. 

K2H2P20o- 2H20 is monoclinic with a :b :c — 0.745 : i : 0.798, 
= 81® 31'. Crystals 001 tablets bounded by no, 221, etc. The 
optic plane is normal to 010; Xac — —36° 30'. (—) 2V = 36°9'Na, 
p <v, very weak. N, = 1.5363 Na, Nm = 1.5314, N, = 1.4893. 
Np — Np = 0.049. Colorless. 

Na2H2P20o• 6H2O is monoclinic with a :b :c = 2.013 • ^ • 2.038, 
fi = 53° 13'- Crystals basal tablets or short prisms. Perfect 001 and 
imperfect no cleavages. Twiiming on loT. G. = 1.85. The optic 
plane is 010; Z A c = +35° 17'Na. (+) 2V = 55° 36'Li, 57° 20'Na, 
58° 10' Tl. Np = 1.5006 Li, 1.5041 Na, 1.5074 Tl, Nm = 1.4861 Li, 
1.4897 Na, 1.4927 Tl, Np = 1.4882 Li, 1.4855 Na, 1.4883 Tl, Np — Np = 
0.0186 Na. Colorless. Made by cooling a saturated solution. 

B3fa3P20c-9H20 is monoclinic with a :b :c — 1.552 : i : 1.510, 
)3 = 77° 58'. Crystals basal tablets boimded by 101, 034, no, etc. 
Twinning on axis a. G. = 1.74. The optic plane is normal to 010, 
X A c = -10° Li, - II® Na, - 12® Tl. (-) 2V = 82® 2'Li, 82® o' 
Na, 81® 56' n, p > », very weak. Np = 1.4769 Li, 1.4804 Na, 1.4836 
Tl, Nm = 1.4705 Li> 1.4738 Na, 1.4769 Tl, N, = 1.4622 Li, 1.4653 Na, 
1.4682 Tl, Np — Np = 0.0182 Na. Colorless. 

Na4P20e'ioH20 is monoclinic with a :b ic ^ 1.172 : i : 1.908, 
/S * 79® 44'. Cr3^tals domatic, terminated by prisms, etc. Lamellar 
twinning on 001; 010 and loi cleavages. G. = 1.82. The optic plane 
is 010; Z A c = -39§®. (+) 2V = 48® 58' Li, 48° 56' Na, 48’ 43' Tl, 
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p> V very weak. N» = 1.5036 Na, N™ = 1.4789 Li, 1.4822 Na, 
1.4852 Tl, N„ = 1.4777 Na, N, — Ny = 0.0259 Na. Colorless. 

10. PYROPHOSPHATES, PYROANTIMONATES 

Mg2P207 is monoclinic with a : 6 : c = 0.795 : i : 1.088, )8 = 75° 
49'. Crystals rude basal tablets, with perfect no and good 001 cleav¬ 
ages. H. = 4. G. = 3.06. Fuses at 1383® C. The optic plane is 010; 
XAc = +15“ (X nearly normal to 001). (-f) 2V = 2o§°. = 

1.615 Na, Nm = 1.604, Np = 1.602, Np — Np — 0.013. Colorless. 
Made from fusion. 

Mn2P207 is monoclinic with a : i : c = 0.783 : i : ?, jS = 74° 9'. 
Crystals prismatic with perfect no and poor 001 cleavages. H. = 4. 
G. = 3.71. Fuses at 1196° C. The optic plane is 010; X A c = — 4®. 
(-(-) 2V nearly 90°. N„ = 1.710 Na, N* = 1.704 (?), Np = 1.695, 
Np — Np = 0.015. Color brownish pink with X = light pink, Y and 
Z = nearly colorless to very pale yellow in thick plates. Miscible in all 
proportions with Mg2P207 with no eutectic, but optic data are meager. 
Made from fusion. 

Pb2As207 is biaxial ^7 with G. = 6.85, F. = 802° C. and N^ = 
2.03 D. 

Ca2P207 is biaxial in squarish to fibrous crystals. (—) 2V = 
small to moderate. N, = 1.605, Nm = i.6o±, Np = 1.585, Np — Np 
= 0.020. Colorless. 

Na2H2P207• 6H2O is monoclinic with a :b :c = 2.026 : 1 : 2.049, 
/S = 56® 41'. Crystals 001 tablets with perfect ooi cleavage. G. = 
1.86. The optic plane is normal to 010; XAc = —42!°. (—) 2V = 15® 
13' Li, 31® 56' Na, 36° 10' Tl. Np = 1.4617 Li, 1.4649 Na, 1.4677 Tl, 
N™ = 1.4616 Li, 1.4645 Na, 1.4672 Tl, Np = 1.4573 Li, 1.4599 Na, 
1.4623 Tl, Np — Np = 0.005 Na. Colorless. Made by adding acetic 
acid to a warm solution of the normal salt. 

Na4P207-ioH20 is monoclinic with a :b :c — 1.287 = ^ • 1.895, 
/3 = 81® 44'. Crystals domatic. G. = 1.82. The optic plane is 
normal to 010; Z nearly exactly normal to 101. (-f-) 2V = 6o|®. 

Np = 1.4575 Li, 1.4604 Na, 1.4629 Tl, Nm = 1.4496 Li, 1.4525 Na, 
1.4551 Tl, Np = 1.4470 Li, 1.4499 Na, 1.4526 Tl, Np — Np = 0.0104 
Na. Colorless. Made from solution. 

*•0. Andersen: Jour, Wash. Acad. Set., IV, 1914, p. 318. 

Int. Cfit. Tablesj I, 1926, p. 115. 

*** H. E, Merwin: Am, Jour, Set., CCIX, 1925, p. 252. 
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11. PHOSPHATES, ETC., WITH SALTS OF OTHER 
OXYGEN ACIDS 

3Ca3P208-CaC03 is hexagonal like apatite. Uniaxial negative 
with N. = 1.635, Ne = 1-626, N« — Ne = 0.009. Colorless. 

3Sr3P208-SrC03 is hexagonal;®® uniaxial negative with No = 
1.644, No = 1.638, No — No = 0.006. Coiorless. 

3Ba3P20s-BaC03 is hexagonal;®® uniaxial negative with No = 
1.691, No = 1.683, No — No = 0.008. Colorless. 

X. COLUMBATES, TANTALATES, TITANATES AND ZIR- 

CONATES 

K2Ti205 is orthorhombic * and acicular with good pinacoidal 
cleavage (00:) parallel to elongation and two other less distinct pina¬ 
coidal cleavages. Optic plane normal to elongation. (—) 2V = 
rather large. N = more than 1.74, N^ — Np = strong. Made by 
fusion of K2CO3 and Ti02. 

Na2Ti205 (?) is orthorhombiclike K2Si205 in cleavages, form and 
optic orientation. X normal to best cleavage (001) and Y parallel to 
elongation. (—) 2V = moderate. N = high, Np — N,, = strong. 
Made by fusion of Na2C03 and Ti02. 

Na2Zr03 is probably orthorhombic® showing common pseudo- 
hexagonal twinning. G. = 4.0. (—) 2V = ?, N, distinctly above 1.8, 
N« == ?, Np = 1.720, Np — Np > 0.08. Colorless. Formed from fusion. 
Fuses incongruently at about 1500° C. 

Na8TIsOi4 is probably monoclinic; ^ granular with many faces; 
angles of 117® and 130° common. (—) 2V = moderate or large. 
N > 1.74, Np — Np = strong. Made by fusion of Na2C03 and Ti02. 

Na4Sl4Ti502o, made by Hautefeuille in flattened prisms, has® 
G. = 2.88 and Np = 1-655, N*. = ?, Np = 1.623, Np — Np = 0.032. 

XI. SILICATES 

Titanosilicates, zirconosilicates, thorosilicates and stannosilicates as 
well as alumosilicates and borosilicates are included with ordinary 
silicates in this division. The classification of the silicates is still 
unsatisfactory because the members of a single isomorphous group 

W. Eitel: Kryst.j LXI, 1925, p. 594. 

^ P. Niggli: Zeit, anorg, Chem,, XCVni, 1916. p. 241, 

^Zeit, anorg, Chem.^ CXCI, 1930, p. i. 

* P. Gaubert: Bull. Soc, Fr, Min,, L, 1927, p, 504. 
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ma y include two (or more) types of silicic add and varying numbers of 
atoms of bases of varying valence. Recent X-ray work, which may 
lead to a new dassification of silicates, suggests that silicates are not 
salts of any silidc add, since forsterite, for example, is not composed of 
Mg atoms and Si04 groups but of MgO groups and Si02 groups. The 
following dassification may serve for the present occasion: 

1. Zirconosilicates of monovalent bases. 

2. Silicates of monovalent bases without hydrogen. 

3. Silicates of monovalent bases with hydrogen. 

4. Anhydrous silicates of divalent bases. 

5. Hydrous silicates of divalent bases. 

6. Anhydrous silicates of trivalent bases. 

7. Hydrous silicates of trivalent bases. 

8. Anhydrous silicates of divalent and monovalent bases. 

9. Anhydrous silicates of trivalent and monovalent bases. 

10. Hydrous silicates of trivalent and monovalent bases. 

11. Anhydrous silicates of trivalent and divalent bases. 

12. Hydrous silicates of trivalent and divalent bases (with or 
without monovalent bases). 

13. Compounds consisting of silicates with salts of other oxygen 
adds. 

14. Siliceous glasses. 

1. ZIRCONOSILICATES OF MONOVALENT BASES 

Na4Zr2Si30i2 is trigonal * with rhombohedral habit. G. = 2.88. 
Fuses at 1540° C. Uniaxial negative with No = i.yisNa, N, = 1.692, 
No — No = 0.023. Colorless. 

Na2ZrS105 is orthorhombic^ often in pseudohexagonal twins of 
prismatic form with positive elongation. G. = 3.605. Fuses incon- 
gruently at 1477° C. (—) 2V = small. N^ = 1.790 Na, N*, slightly 
less than 1.790, N, = 1.741, N, — N, = 0.049. Colorless. 

Na2ZrSl207 forms long needles,^ perhaps monoclinic, with a very 
small extinction angle. N, = 1.710, Nm = ?, Np = 1.688, N, — Np 
= 0.022, Colorless. 

2. SILICATES OF MONOVALENT BASES WITHOUT HYDROGEN 

Ll2Si03 is trigonal ^ (?) with c = 0.668; deavage parallel to elonga¬ 
tion of needles. Crystals of variable habit. G. = 2.52. F. «= 1202® 

* Zeii, anorg, Chem,, CXCI, 1930, p. i. 

* Jour, Wash. Acad. Sci.t 1,191 x, p. 49. 
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C. Uniaxial (or biaxial — Jaeger)® positive with N,, = i-59i, N* ■■ 
1.611, N« — No = 0.020 (Merwin®“); No = 1.584, Ne = 1.609, N* — 
No = 0.025 (Jaeger).® Colorless. Made from fusion. Fused Li2Si08 
as glass has G. = 2.35, N = 1.548 Na. 

Li4Si04 is pseudohexagonal,'* probably orthorhombic; lamellar 
twinning common, rarely in two sets. G. = 2.39. Decomposes at 
1255°. Large extinction angle on twinning. (+) 2V = very small. 
N, = i.6io± 0.002, Not = ?, Np = i. 6 o 2 ±o.oo 2 (Merwin®“), N* = 
i.6i±, Nm = i.6odb, Nj — Np = moderate (Fenner), N, = 1.614 
Na, Nm = ?, Np = 1.594, Nj — Np = 0.020 (Jaeger).® Colorless. 
May be colored pink by Li202 or deep lilac by Ni if made in a nickel 
crucible; then pleochroic. Made from fusion. 

Li2Si205 is orthorhombic ® (?). Crystals tabular and rectangular 
with three rectangular cleavage directions, one being micaceous and 
the others nearly perfect. G. = 2.454. F. = 1032° C. (incongru- 
ently). The optic plane is parallel to the micaceous cleavage and Z is 
parallel to the two best cleavages according to Merwin.®" (+) 2V = 
5 o°- 6 o°, Ng = 1.558, Nm = 1.55O; Np = 1.547, Ng - Np = 
o.oii, all ±0.001 (Merwin ®“). Ng = 1.545, Nm = ?, Np = 1.525, 
Ng — Np = 0.020 (Jaeger ®). Colorless. Made from fusion. 

Na2Si03 is orthorhombic ® and prismatic with distinct prismatic 
cleavages. F. = 1088° C. Hydrates easily. Elongation is positive 
and extinction parallel. (—) 2V = very large. Ng = 1.528, Nm = 
1.520, Np = 1.513, Ng — Np = o.oi5±. Colorless. Made from 
fusion. 

Na4Si04 has two crystal phases; the low temperature phase® 
forms acute-angled plates (010?) with extinction at about —15® with 
the short edge. G. = 2.5. (—) 2V = ?, N = i.536±, Ng — Np =» 
rather weak. Colorless. Inverts at 960° C. to the high temperature 
phase which is biaxial (?) with lamellar twinning; ® it decomposes at 
1089° C.; Z is nearly normal to the twinning lines and extinction varies 
up to 8° with the twinning plane. Ng = 1.537, Nm = ?, Np = 1.524, 
Ng — Np = 0.013. Colorless. 

Na2Si206 is orthorhombic ® in 100 plates with perfect 100 and 

* Proc, K» Akad. Wet. Amst., XVI, 1914, p. 857. 

^ Jour. Phys. Chem., XXXIV, 1930, p. 2647. 

* P. Niggli; Zeit. anorg. Chem.y LXXXIV, 1913, p. 229. 

* G. W. Morey and C. N. Fenner: Jour. Am. Chem. Soc., XXXVI, 1914, p. 215; Zeit. 
anorg. Chem.^ LXXXVI, 1914, p. 305; G. W. Morey and N. L. Bowen: Jour. Phys. Chem.f 
XXVIII, 1924, p. 1167; Trans. Soc. Glass Tech., IX, 1925, p. 226. 

® F. C, Kracek: Jour. Phys. Chem., XXXIV, 1930, p. 1583. 
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distinct oio cleavages. Inverts reversibly at 678° C. and melts at 
874“ C. The optic plane is 010; X = a. (—) 2V = 5o‘’-55°. 
Ng = 1-518, Nm = 1.514, Np = 1.504. Later measures by N. L. 
Bowen ® gave Ng = 1.508, N,» = 1.505, Np = 1.497, Ng — Np = 
o.oii. Colorless. Made from fusion. 

K 2 Si 03 is granular^ with a cleavage parallel to Z; it is very 
hygroscopic and easily soluble in water.^® F. = 966° C. (+) 2V = 
35°±, p <v. Ng = 1.528, N„ = i.52id;, Ng =1.520; Ng - Np = 
0.008. Colorless. Made from fusion. 

K2Si205 is orthorhombic; six-sided plates have angles of about 40° 
and 80°; if these plates are parallel to 001, the cleavages are: 001 per¬ 
fect; OIO distinct; 100 imperfect. Lamellar twinning nearly parallel 
to elongation b. Crystals from fusion elongated parallel to Z, from 
solution elongated parallel to Y. Crystals hygroscopic. F. = 1036° C. 
Optic plane is 010; X = c. ( —) 2V = rather large. Ng = 1.513, 
Nm = i.509±, Np = 1.503, Ng — Np = o.oio. Colorless. Made 
from fusion and from solution. 

£281409 forms plates^ with twinning and inclined extinction, 

F. = 765° C. (-f) 2V = large; Ng = 1.482, Nm = ?, Np = 1.477, 
Ng — Np = 0.005. Colorless. 

NaoSbOr forms small acute-angled plates ^ with distinct cleavage. 

G. = 2.96. Fuses at 1122° C. Biaxial (positive?). Ng = 1.529 Na, 
Nm = ?, Np = 1.524, Ng — Np = 0.005. Colorless. Na6Si207 forms 
a glass with G. = 2.6. 

3 . SILICATES OF MONOVALENT BASES WITH HYDROGEN 

£28103 • JHaO is probably orthorhombic ® with good cleavage par¬ 
allel to elongation, which is positive. Extinction parallel. (-1-?) 2V = 
very large. N estimated at 1.50, Ng — Np = strong. EasDy soluble 
in water. Colorless. Made in a steel bomb. 

£28103-1120 is granular;*^ dissociates to form the preceding at 
370° C.; altered by H2O below 200® C. (-1-) 2V = small. N esti¬ 
mated at 1.50, Ng — Np = strong. Colorless. Made in a steel bomb. 

£HSi206 is probably orthorhombic; * crystals prismatic, tabular. 
Altered by H2O below 420°, but not at 0° C. 100 and 010 cleavages. 

' G. W. Morey and C. N. Fenner: Jour. Am. Chem, Soc., XXXVI, 1914, p. 215, and 
XXXIX, 1917, p. 1173. Also F. C. Kracek, N. L. Bowen and G. W. Morey: Jour. Phys. 
Chem., XXXni, 1929, P- i8S7. 

• G. W. Morey and C. N. Fenner: Jour. Am. Chem. Soc., XXXIX, 1917, p. 1173. 
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F. = 515® C. Optic plane is 001; Z = a. (+) zE = 69^°; zV = 
40°d=. N„ = 1.53s, N« = 1.530 (calc.), = i. 495 . N* - N, = 
0.040. Alters easily to = 1.530, Np = 1.480, Nj — Np = 0.050. 
Colorless. Made in a steel bomb. 

Na2SI03-9H20 is orthorhombic*® with no distinct cleavage and 
variable crystal habit. The optic plane is oro: Z = c. (+?) zV = 
9o°±, Nj = 1.460, Nm = 1.455+) Np = 1.451, Np - Np = 0.009. 
Colorless. 

3Na20-2Si02-111120 (?) is orthorhombic*" of variable crystal 
habit. The optic plane is 010; X = a. (4-) 2V = 65°±, Np = 
1.534, Nm = 1.510, Np = 1.504, Np — Np = o.ozo. Colorless. 

Na2Si03-6H20 is monoclinic*" with variable crystal habit. The 
optic plane and Z are normal to 010; X A c = zz°. (+) zV = 7S°±, 
Np = 1.485, Nm = i.473±) Np = 1.465, Np - Np = o.ozo. Color¬ 
less. 

Na2Si03-81120 is monoclinic*" in crystals which are 001 tablets 
or prismatic. The optic plane is 010; X A c = iz". (—) zV = 63®, 
Np = 1.465+, Nm = 1.463, Np = 1.457 + , Np — Np = o.oo8±. Dis¬ 
persion (F-C) for Nm = 0.0090-f. Colorless. 

K2Si205-H20 is granular; * dissociates at 405° C.; altered by H2O 
below 280® C. (-H) 2V = small. N estimated at 1.50, Np — Np = 
strong. Colorless. 

Na2Si03 - SH2O is triclinic ®“ with undetermined optic orientation. 
(-I-) zV = moderate, Np = i.467±, Nm = i. 454 ±) Np = i.447±, 
Np — Np = o.ozoi. Colorless. 

4. ANHYDROUS SILICATES OF DIVALENT BASES 

Ca2FeSi207 is tetragonal with G. =3.23. Uniaxial negative with 
Np = 1.670, Np = 1.658, Np — Np = o.oiz. Found in slags. Justite 
is a type in slags with about 50 per cent Ca2FeSi207 and about 35 per 
cent Ca2(Zn,Mn)Si207; it has Np = 1.670, N, = 1.657, Np — Np = 
0.013. Both belong to the melilile group. 

Ca2MgSl207 is tetragonal’ with c — 0.45. Crystals short prisms 
or 001 tablets. H. = 5. G. = 3.18. F. = 1458° C. Gelatinizes with 
HCl. Uniaxial positive with Np = 1-631, Np = 1.638, Np — Np = 
0.007. Colorless. Made from fusion. This substance, as found in 

*" Salt prq>ared by G. W. Morey; properties measured by H. E. Merwin—personal 
communication, Mar. 25 and Apr. 2,1931. 

' J. B. Ferguson and H. E. Merwin; Am. Jmtr. Sci., CXCVIII, 1919, p. 81; J, B. 
Ferguson and A. F. Buddington; Am. Jour. Sci., CC, 1920, p. 131. 
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gia gg and in nature, is called akermanite and belongs to the melilite 
group. With about an equal amount of Na2Si307 (?) it is uniaxial 
negative with N# = 1.632, N« = 1.626, No — N. = 0.006. Colorless. 
Made from fusion. Ca2MgSi207 glass has G. = 2.955 and N = 
1.641 Na. 

According to the author’s interpretation of the experimental 
work of Buddington “ in the light of Berman’s study,Ca2MgSi207 
is dif&cultly miscible with CaSi307 up to about i8 weight per cent of 
CaSi.,07 and these mix-crystals have N# = 1.629, Ne = 1.630, No — 

N 

1670 


1.660 


L 650 


L 640 


“ WEIGHT PERCENT “ GD?L?NITi; 

Fig. 259.—^Variations in composition and optic properties in the Ca2MgSi207" 
Ca2Al2Si07 series. (After Ferguson and Buddington: Am. Jour. Set. L, 1920, p. 131.) 

N. = 0.001. Similarly, (Ca2MgSi207 + Ca2Al2Si07) is miscible with 
14 per cent of CaSi307 and lo per cent of Na2Si307 and these mix- 
crystals have N. = 1.632, N. = 1.627, N. — N. = 0.005. 

Ca2MgSi207 is miscible in all proportions with Ca2Al2Si07, 
forming thus the akermanite-gehlenite series in which the optic proper¬ 
ties vary with the variations in composition as shown in Fig. 259. 

A. N. Winchell: Am. Jour. Set., CCVIII, 1924, p. 375. 

” A. F. Buddington: Am. Jour. Sci., CCIII, 1922, p. 35. 

** Am. Mmeral., XIV, 1929, p. 389. 

J. B. Ferguson and A. F. Buddington: Am. Jour. Set., CC, 1920, p. 131. 
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CaCuSuOio is tetragonal with G. = 3.04 (Fouqu6)i‘‘ 2.95 (Laurie) 
uniaxial negative with N* = 1.6354, N„ = 1.6053, No — N, = 
0.0301, Color azure blue with X = pale rose, Z = deep blue. Made 
from fusion and called Vestorian blue; supposed to be the equivalent 
of an artificial blue pigment used by the early Egyptians. 

FeBaSuOio is tetragonalwith perfect 001 and poor 100 cleav¬ 
ages. H. = 3. G. = 3.33. F. = easy. Attacked by HCl. Uniax¬ 
ial negative with No = 1.621, No = 1.619, No — Nc = 0.002. Color 
rose red with X = red, Z = pale pink to colorless with striking pleo- 
chroism in thin section. The natural substance is called gillespite. 
Treatment with HCl removes all the iron and barium leaving hydrous 
silica (8Si02-5H20), which dehydrates gradually between 0° C. and 
ignition, having about 2.5 per cent HoO still at 400° C. This hydrous 
silica is in glistening scales resembling those produced by treating biotite 
with H2SO4. They are imiaxial negative or slightly biaxial with 
variable indices: No = 1.465 and 1.449, No = 1.455 ^nd 1.441, 
No — No = 0.010 and 0.008. Colorless. 

Be2Si04 is trigonal with c = 0.661. Crystals rhombohedral or 
prismatic with twinning common on loTo and distinct 1120 cleavages. 

H. = 7.5. G. = 3.0. F. = 7. Insoluble in acid. Uniaxial posi¬ 
tives^ with No = 1.654, No = 1.668, No — No = 0.016. Colorless. 
The natural substance, called phenacite, is found in pegmatite and 
some metamorphic rocks; rare. 

SrSiOa is hexagonal s* with c = 1.015 in thick basal plates with 
good 0001 cleavage and twinning on 0001. G. = 3.65. F. = 1580° C. 
Uniaxial positive with No = 1596 C, 1.599 D, 1.606 F, No = 1.634 C, 

I. 637 1.646 F, No — No = 0.038D. Miscible in all proportions with 
CaSiOa; if 1 : 1, (+) 2V = o°±, N, = 1.646 D, N*. = N, = 1.606, 
N, — Np = 0.040, as shown in Fig. 260. No inversion found. Color¬ 
less. Made from fusion. The glass has G. = 3.54, N = 1.632. 

Ca2BaSi30g is hexagonal s* (?); fibrous with good prismatic cleav¬ 
ages; it dissociates to CaSiOa and liquid at 1320° C. The fibers have 
negative elongation; they are imiaxial negative with N, = 1.677 C, 
1.681 D, 1.690 F, No = 1.664 C, 1.668 D, 1.678 F, No — No = 0.013 
D. Colorless. Made from fusion. 

Ba2Si04 is granular ** without cleavage or twinning; melting point 

** Comp, Rend., CVIII, 1889, p. 325. 

Proc. Roy. Soc., LXXXIX, A, 1914, p. 418. 

W. T. Schaller; Am. Mineral., XIV, 1929, p. 319. 

Michel: Zeit. Kryst., LIII, 1914, p. 538. 

P. Eskola: Am. Jour. Sci., CCIV, 1922, p, 331. 
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about that of Pt. N, = 1.83, Np = i.8i,N, N, = o.o2Na. Color¬ 
less. Made from fusion. 

CasSiOs is granular*® without cleavage; also fibrous;®® dis¬ 
sociates to CaO and Ca2Si04 at about 1900° C. Lamellar twinning 
with a small extinction angle. Uniaxial negative, or (—) 2V = small. 
Nm = i-7i5> N, — Np = weak, not over 0.005. Colorless. Made 
from glass at about 1800° C. 

CaaS^Or is orthorhombic®* (?) and granular; dissociates to 
Ca2Si04 at about 1475° C. (-f) 2V = large, N, = 1.650, Nm = 
1.645 Np = 1.641, Np — Np = 0.009 Na. Colorless. Made from 
fusion at about 1450° C. 

CasMg2Si60io is orthorhombic®* (?) in elongated grains; disso¬ 
ciates at about 1365° C. Forms mix-crystals with CaSiOa, etc. Elonga- 



Fig. 260. —Variations in composition and optic properties in the SrSiOr-CaSiOs series. 
Positive and nearly uniaxial; therefore Nm nearly = Np. Based on data of P. Eskola: 
Am. Jour. Sci. IV, 1922, p. 331. 

tion parallel to Y. (-I-) 2V = 80® ±, Np = 1.635, Nm = 1.627, Np = 
1.621, Np — Np = 0.014. Colorless. Made from fusion at about 

1350° . 

BaSbOs is orthorhombic*® with three pinacoidal cleavages, one 
(assumed to be 010) perfect; others distinct. Crystals elongated in 
direction assumed to bee. G. == 3.73. F. = 1420® C. The optic plane 
then is 100; X = c. (—) 2V = 75°, Np = 1.618 C, 1.621 D, 1.632 F, 
Nm *= 1.610 C, 1.612 D, 1.617 Np — 1.595 C, 1.597 D, 1.602 F, N, — 
Np ** 0.024 D. In optical glass BaS^Os has N, = 1.613, Np = 1.595 

G, A. Rankin: Jour, Am, Chem, Soc,^ XXXVIII, 1916, p. $68. 

^Jouf, Phys, Chem., XXXI, 1927, p. 607. 

J, B. Ferguson and H. E. Merwin: Am, Jour, Sci,, CXCVIII, 1919, p. 81. 
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(due to K2Si206 in crystal solution?). BaSi206 forms a continuous series 
of mix-crystals with Ba2Si308, in which the optic properties vary as 
shown in Fig. 261, according to the author’s interpretation of Eskola’s 
data. BaSi205 glass has N = 1.606. Colorless. Made from fusion. 

Ba2Si308 is orthorhombic and granular with three pinacoidal 
cleavages, one (assumed to be 001) perfect; others poor. Lampllgr 
twinning on a prism face inclined 30° to a. G. = 3.93. F. = 1450° C. 
The optic plane is then 100; X = c. (-h) 2V = 54“, N, = 1.641 C, 
1-645 1-652 F, N„ = 1.622 C, 1.625 D, 1.632 F, Np = 1.617 C, 

1.620 D, 1.627 Np — Np = 0.025 D. Ba2Si308 forms a com¬ 
plete series of crystal solutions with BaSi205, the optical properties 



Fig. 261.—Variations in composiition and optic properties in the BaSijOj-BajSisOs series. 
The author’s interpretation of the data of P. Eskola; Am. Jour. Set. IV, 1922, p. 331. 

varying continuously, as shown in Fig. 261. Colorless. Made from 
fusion. 

BaSiOs is orthorhombic,** granular or acicular with good pina¬ 
coidal cleavage assumed to be 010. G. = 4.4. F. == 1604® C. 
Elongation (assumed parallel to c) is negative. The optic plane is 
then 100; X = c. (- 1 -) 2V = 29°, p> v strong, Nj = 1.673 C, 1.678 
D, 1.688 F, Nm = 1.670 C, 1.674 D, 1.684 Np = 1.669 C, 1-673 
1.682 F, N, — Np = 0.005 Colorless. Made from fusion. 

ZnSi03 is weakly birefringent,^^ but of unknown S3Tnmetry. Crys¬ 
talline masses are aggregates of thin needles resembling porcelain. 
G. = 3.52, F. = 1429° C. Ni = 1.623, N2 = 1.616. Colorless. Made 
from fusion. The glass has G. * 3.86 and N = 1.650. 

” F. M. Jaeger: Proc. K, Akad, Wet, Amt,, XVIII, 1916, p. 896, Symmetry repoited 
as orthorhombic by Traube and hexagonal by van Klooster. 
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Ca 2 Si 04 has at least three crystal phases.®* The a-phase, stable 
from 1420® C. to fusion at 2130° C., is probably monoclinic; it has 
^ampllar twinning, which may be complex, and the maximum extinc¬ 
tion angle in flakes with one twinning is X'A c = i8“. H. = 5-6. 
The optic plane is nearly parallel with the vertical elongation. (-I-) 
2V = large. N, = 1.737, Nm = 1.720, Np = 1.715, Np - N, = 0.023 
Na. Colorless. Made from fusion or from glass above 1420° C. and 
quenching. A natural mineral, called larnite is probably the same 
as this phase. It has distinct cleavage and twinning on 100. The 
optic plane and Z are normal to 010; X A c = 14°. (-f) 2V = large. 
Ng = 1-730, Nm = 1.715, Np = 1.707, Ng — Np = 0.023. Colorless. 

The / 3 -phase is orthorhombic prismatic or granular with distinct 
010 and 100 cleavages. Lamellar. Twinning rare. Stable from 675° 
to 1420° C. H. = 5-6. Strongly attacked by water with solution 
of lime. Soluble in HCl. The optic plane is 100; X = c. (-f-) 2V = 
large, Ng = 1.735, Nm = ?, Np = 1.717, Ng — Np = 0.018. Colorless. 
Made by quenching from about 1000° C. or slower cooling if enclosed 
in glass or other minerals. The natural substance has been called 
lime-olivine or shannonite; it is very rare. 

The 7-phase is probably monoclinic; prismatic with perfect 010 
cleavage. Stable below 675® C. Z A c = 3®. (-h) 2V = 60®, Ng = 

1.654, Nm == 1.645, Np = 1.642, Ng — Np = 0.013. Colorless. In its 
refringence this phase corresponds with the olivine minerals. The 
reversible inversion from the / 3 -phase to the 7-phase at 675® C. is 
accompanied by a ten per cent increase of volume which shatters the 
material, causing the “ dusting ” of Portland cement. 

Still another phase (called / 3 ') was apparently obtained by quenching 
an old hydrated preparation from about 1425® C.; it had no apparent 
cleavage; (-I-) 2V = o® or very small, Nm = 1.715, Ng — N, = very 
weak; this phase is supposed to be unstable and monotropic. 

Mg2Si04 is orthorhombic with a :b :c = 0.467 : i ; 0.587; 
crystals short prismatic with distinct 001 and 010 cleavages. G. = 
3.216. F. =* 1890® C. Gelatinizes with HCl. The optic plane is 
001; Z - a. {+) 2V = 84® 55' C, 85® 16' D, 85® 40' F, Ng = 1.6655 
C, 1.6688 D, 1.6764 F, Nm == 1.6475 C, 1.6507 D, 1.6582 F, N, = 
1.6329 C, 1.6359 1-6431 F, Ng — Np = 0.0329. Colorless. Made 

** C. £. Tilley: Mineral. Mag., XXII, 1929, p. 77. 

A. If. Winchell: Optical Mineralogy, Part II, 1927, p. 164. 

“ N. L. Bow«i and O. Andersen: Am. Jour. Sci., CLXXXVII, 1914, p. 487. H. E. 
Merwin: Ini. Crit. Tab., VII, 1930, p. 23. 
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from fusion in MgCl2. The natural substance, called Jorsterile, is an 
end member of the olivine system. 

Mg 2 Si 04 may form a submiaoscopic intergrowth 2® with Si02 glass 
in varying amounts up to about 50 mol. per cent (thus corresponding 
in gross composition with MgSiOa); with that amount of Si02 glass, 
the aggregate has the following properties: (+) 2V = large, N, = 
1.597, Nm = 1.590 (est.), Np = 1.584, Na — Np = 0.013. Extinction 


too 



parallel. Colorless to pale brown with Y = light brown, Z = brown. 
In optical properties it is therefore similar to the orthorhombic amphi- 
bole called anthophyllile, but the latter contains water and has the com¬ 
position: H2Mg7Si8024. 

Fe2Si04 is orthorhombic^^ in 100 tablets, etc., with distinct 010 
and poor 100 cleavages. G. = 4.32. Gelatinizes with HCl. The 
optic plane is 001; X = h. (—) 2V = 47°, 
Np = 1.886, Np, = 1.877, Np = 1.835, N, - 
Np = 0.051. Colorless to greenish yellow. 
Made in slag. The natural substance, called 
fayalite, is an end member of the olivine 
system. 

Mn2Si04 is orthorhombic in crystals like 
olivine, with distinct oio cleavage. H. = 6. 



Fig. 264.—A cr3^tal habit 
of (Mg,Fc)2Si04 (olivine). 


G. = 4.04. F. = i290°-i32o° C. Gelatinizes 
with HCl. The optic plane is 001; X = 
(-) 2V = 65“, Np = i.8o±, Nm = i. 78±, Np = i.76±, N, — 
Np = o.o4± (nat. cryst.); N> 1.74 (art. cryst.). Color ash gray 
to rose red. In thin section nearly colorless; in thick sections X = 
brownish red, Y = reddish, Z == greenish blue and X < Z < Y. Made 
from fusion. The natural substance, called tephroite, found in ore 
deposits, is a third end member of the olivine s)rstem. According 


L. Bowen: personal conununication, Jan. 9, 1931. 
^ K. Busz and F, W. Rusberg: Cent. Min.^ 1913, p. 625. 
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to Tokody Mn 2 Si 04 forms mix-crystals with Ca2Si04 up to 50 
mol. per cent (which is called glaucochroite, as found in nature) and 
perhaps beyond. 

Mg2Si04 and Fe2Si04 intercrystallize in various proportions in 
natural crystals to form the olivine series. In nature the commonest 
type, called chrysolite, is rich in Mg (Mg : Fc = 4 to 8 : i commonly); 
in slags the common types are those rich in Fe (often with Mn or Zn 
or both). In the olivine series the varieties may be defined as follows: 

Mg2Si04 Fe2Si04 


Forsterite. 100-95% 0-5% 

Chrysolite. 95-75 5-25 

Hyalosiderite. 75“5o 25-50 

Hortonolitc. 50- ? ?-5o (Usually with Zn) 

Fayalite. 5-0 95-100 


Varieties between hortonolite and fayalite seem to be rare. 



Figs. 265-267.— Optic orientation of (Mg,Fe)2Si04 (olivine). 

The plane of the optic axes is ooi and X is normal to oio in all 
members of the olivine series. The optic angle is large (except in 
fayalite — 2V == 47°) and varies through 90° with change of sign at 
about 13 per cent Fe2Si04. The relations between optic properties 
and composition are shown in Fig. 268. For the highly magnesian 
types: (+) aV = 70“ - 90°, N, = 1.67—1.69, N„ = 1.65—1.67, 
Np * 1.635 —1-655, Na — N, = o.o35±. For more ferriferous types: 

** ZeU, anorg. Ckem.y CLXIX, 1928, p. 51. 








292 




S^ 32 SSSSSSSSSSSS 55 SS 555 SSS 555 S**"*"*'''"*"*”"*” 5 **** 

aREiiSSSSS!! 9 !SSBSSSSSSSS! 555 **»»*">""B****>"***B*" 
SS!S 5 S 5 !!! 9 !S!!SSSSSS 5 *!"*******""**""**"**"b**** 



V/etght 

o/o 

70 


■- 


SHSSSSSSsSisH 

aaaaaaaaBBaBariar.aaa 
^ _ JBBBBBBBBBBaar.araBBB 
aaiBBaaBBaBBBaraa'JBBBB 
BBBBBBrJB''^BBBBB 


^BaaBaaaai 


■■■aBBBBBBBflBBk^^BaB^.'fBBBBBBBaBaBBBBBa’^BB'JflBaBaara 

j^r^BBBBBBBBBBBBBI^.w'^aBBBr^BBBBBBBBBBBB^iiaBrjBBBBBBPiflitB 

!!!!!BBS!!!S!!i'2fSSS!5£!!lB^^**""*"**|^*"|^BBBBBBa’:iBBBB' 

CZ^BBBBBBBf^iBBBBBBaBBBBBBBIbr^.'^BBraBBriBBBBBBfiiBWifySW.//? 

BBBSBBBB^^BS******* 9 ">**""*"BB<^»:^Br.aBBBBB"BBBBiBBWB 

BBBaBBBPaBBBBBBBBBBBBBBBaBBBPJB?l^^.:?aBBBBF:aBBBBBBBBB 

,BBBBBBP:aBBBBBBBBBBBBBBBBBBBrJBBk.^BS"SBraBBBBBBBBBB 

IL$si^i!9!!!■■■■■■■■■■■BBBP:JBBaaBBa.'^BF:aBfe:^BBBB^Mc£l| 



IS9BBBBB!BBBBB?^BB»iiB”5^'^**"*"***"*"^^BBiiiii 

.^■■■■■■■■aBBBB lBBBf;«BBBBBr:aBBBBBBBBBBBBr;>.'^BBBf:«f!;/''J 
—-BBBBBBBBBBBBBBr;iBBBf<aaBBBr:BBBBBBBBBBBBP:4BB?IBSKS|y£J 
BBBBBBBBBBBBaBB*'jBBBr.aBB)l>BrBBBBBBBBBBBBpSBBBB”BBBBB 
BBBBBBBBBBBBBB*jBBPIKBBB9k^BBBBBBBBBBBBFJBBBBBa^BBBB 
-BUBaBBBBBBB’'^BBBir.BBB9^.'BBBBBBBBBBBB”aBBBBBBBkSBBB 

CAKilBBBaBBBB« 4 BBBraBBBBf:<BBBBBBBBBBBP‘'^BBaBBBBBBaBBL'*BB 
BBBBBBBBBB^4<BBBr JBBBBf^BBBBBBBBBBBPJBBBBBBBBBBBBBa"! 
BBBBBBBBBr.aBBPaBBBB'l^BBBBBBBBBBBraBBBBBBBBBBBBBBBa" 

—I- -PCTr.BBBBBBBBBBBBBBBBiiTOT 

BiiiB^BBiijiiiijBiiiiBiij^^BBBBBSBBaB»BBBBB^^ 

■■^■■■■‘^■■■rjBBBaBBBaaiKiiBaaapaSSaSSSS5SSBS"SBSSSS 

BrBBBBr^BBBP«1BBBBBBBBBB''^BBBBBBBBBBBBaBBBBB”ZBBBSBBB 

r.BBBa^^flBBraBBBBaBBBBB^rfBBBBBBaBBBBBaBBBBr^BBBBBBBBB 

•JBBBrvaBBraBBBB*^BBBBPJaBaBBBaBBBBBBBBBP:^aBaBBBBBBBB^ 

■BB^^flBflr«aBBBaBBBBBrJBBBBBBBBBBBBBBBP;«aBBBBBBBaBBBB 

BBr.flaBr.BBBBBBBBBBrBBBBBBBBBiBBMHHaiB”«BiS-SSSS55BrT7"i 
Br.BBBr^BBBBBBBBBB^BBBBBBBBBa 
*:aBBr^BBBBBBBBBB':.BBBBBBBBBB| 


^p.Gr 


iaBr^BBBBBBBI 


IJBB* 


IB"IBB'^BBBBBBaBflP 


:;iBBBBBBBBaiP:^BBBBBBBaBaL; 


■BBBBBBBBBI 


■bbbbbbbbbbbI 


;<BBBaBBBLBFBBBBaBBBBBBP*2aBBBBBBa 




ibbbbbbbbbb*:bbbbbbbbbbbi 


iBBBBBBflB'^iBBBBflBIBBBi^BBBBBBBBflBBBBBIBBBBB 


IBBBBBBB'^BBI 


■BBBBBr'^BBBBB 


BBBBI 

bbbEi 


BBBBBBi 

bbbbbbI 


■ BBBBBIBBBI 


iBBBBBB'ldlBBBBBBBBB^BBM _ 

|BaBBL:«aBBBBBBB*:BBnaBBBBBBBBBBBBBBa_ 

|Baar;AJBBBBBBP:rfBBBBBBBBBBBBBBBBBBBBBBBBBBBBBI 


X£a\ 


LaBri:BBBBBLa::.BBBBBI._ 

|Br:aBBBilBB^^BBBBBBBBBt_ 

V.BBaBBBP:riaBBBBBBBBBBBBBBBI 


■BBBBBBBBBBBBBBBa 


. _IBBBBBBBBBI 

■ Br^BaBBBBBBBBBBBBBBBBaBBBBBBBBBBBBaa 


iBBBarkJBBaBBBBBBBI_ 

|BaB*lBBBBBBBBBBBBBBBBBBaBBBBBa 


■BBBBBBBI 


BrkfBiBBiBiBBBiliBBiBBBBBBBBBBBBBBBBBBBSBBBBB!" 
''.^BBBBBBBBBBBBBBaBBBBBBBBBBBBBBBBBBBaBBBI- 


■BBBBBBBBl 


Km\ 




riy**yr 


Kvr^ 







SILICATES 


293 


(-) 2V = 90°-75“. N, = 1.69-1.77, Nm = 1.67-1.75, Np =1.655- 
1.72, N, — Np = 0.035-0.040. For highly ferriferous t)^es: ( —) 
2V = 75 °- 45 °. Np = 1.77-1.88, N„ = 1.75-1.87, Np = 1.72-1.83, 
Np — Np = 0.040-0.050. Color olive green; alters easily to yellow, 
brown or red. Colorless to very pale greenish in thin section without 
pleochroism. 

Fe2Si04 and Mn2Si04 intercrystallize probably in all proportions 
to form a series (of the olivine system) which has not been studied in 

MnjSi O4 



Pio. 269.—Variations in composition and optic properties in the MgjSiOi-FejSiOf- 

Mn2Si()4 system. 


detail. From scanty data the relations between optic properties and 
composition in the ternary system Mg2Si04-Fe2Si04-Mn2Si04 seem 
to be about as shown in Fig. 269. 

CaMgSiOa is orthorhombic granular with poor 010 cleavage. 
G. = 3.2. Gelatinizes with HCl. The optic plane is 001; X = 6. 
Optic properties of the pure substance unknown; with 10 per cent 
Mg2Si04 it has (+) 2V * 85°-90°, N* = 1.651-1.655, N* = 



294 


ARTIFICIAL INORGANIC SOUD SUBSTANCES 


1.646, N, = 1.638-1.640, N, — N„ « o.oi5±. With 16 per cent 
(Mg, Fe)2Si04 it has 20 (-) 2V = 74^“, N, = 1.680, N„ = 1.674, 
Np = 1.663, Nj — Ny = 0.018. Colorless. Dissociates before melting. 
Made from fusion at about 1490® C. The natural substance, called 
monticellite, is foimd occasionally near contacts of dolomite with igneous 
intrusions. 

CaFeSi04 is orthorhombic2® with a :b :c = 0.437 • i • o*S 77 - 
G- = 3-33- Gelatinizes with HCl. The optic plane is 001; X = 6. 
( —) 2V = 48® 40', p> V moderate. = 1-743, N« = 1.734, Np = 
1,696, Nb — Np = 0.047. Also reported with Np > 1.74. Color pale 
yellow. Made in a steel bomb. A related type^^ with 35.11 CaO, 
18.97 and 11.21 MnO has: G. = 3.34,Np = 1-7105, Nm =1.7004 
(636), 1.7054 (578), 1.7133 (513), 1.7162 (470), 
Np = 1.6749, Np - Np = 0.0356. 

MgSiOs has two crystal phases.^^ The a-phase, 
apparently the most stable at all temperatures, is 
monoclinic with a :b :c — 1.033 ; i : 0.591, = 87° 

36'. Crystals prismatic or 100 tablets with perfect 
no cleavage at 88° 8' and 001 parting. Lamellar 
twinning on 100 is very characteristic, but may be 
rare.22 H. = 6. G. = 3.19. Miscible in all pro¬ 
portions with CaMgSiaOo at high temperature, the 
lie. 270.— Optic on- optic properties varying as shown in Fig. 272. 

entationofMgSiO, . 4. j- • 4 . » n/r j r "j 4 . 

(enstatite) Begms to dissoaate to Mg2Si04 and hquid at 

1557° C. and fusion is complete at 1577° C. 
Insoluble in HCl. The optic plane is normal to oio; Z A c = +22®. 
(+) 2V = 53^°, Np = 1.660, Nm = 1.654 (calc.), N, = 1.651, N, - 
Np = 0.009. Colorless. Made from fusion at about 1550° C. The 
natural substance, called clinoenstatite, is a pyroxene quite rare in rocks 
and meteorites. 

MgSiOs glass has®® G. = 2.758 and N = 1.5767 Li, 1.5801 Na, 
1.5833 Tl. 

The j 3 -phase is orthorhombic; crystals prismatic to fibrous parallel 

A. F. Hallimond: Mineral, Mag.^ XIX, 1921, p. 193. 

H. Degen: Tables Ann, Ini, Qmsl.j V, 1926; also P. Niggli: Zeil. anorg, Chem.^ 
LXXXVII, 1914, p. 66. 

Allen, Wright, and Clement: Am, Jour. Set., CLXXII, 1906, p. 385; Allen, White, 
Wright and Larsen: Am. Jour. Sci,^ CLXXVII, 1909, p. i; Bowen and Andersen: Am. 
Jour. Sci.f CLXXXVII, 1914, p. 487; N. L. Bowen: Am. Jour. Sci.f CLXXXVIII, 1914, 
p. 207. Ferguson and Merwin: Am. Jour. Set., CXCVIII, 1919, p. 81. 

** G. A. Rankin and H. E. Merwin: Am. Jour. Sci.^ CXCV, 1918, p. 301. 

E. S. Larsen: Am. Jour. Sci., XXXVIII, 1909, p. 263, 
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to a with no cleavage at nearly 90®. Twinning rare. H. = 6. 
G. = 3-175- Changes to the a-phase quickly at about 1500° C., and 
the change is not reversible. The optic plane is 010; Z = c. (+) 
2V == 31®, N, = 1.658, N„ = 1.653, Np = 1.650, Ng - Np = 0.008. 
Colorless. Crystallizes from the glass at about 1050® C. The natural 
substance, called mstatite, is a pyroxene not rare in igneous rocks, but 
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Fig. 271. -Variations in comjwsition and in optic properties in the MgSiOj-FeSK 

orthorhombic series. 


nearly always containing some iron, the effects of which on the optic 
properties are shown in Fig. 271. 

CaMgSiaOe is monoclinic with a :b :c = 1.096 : i : 0.591, 
jS = 73® 59'. Crystals short prismatic as in Fig. 273, with perfect 
no cleavages at about 87° and also a domatic parting at about 66® 
toe. Simple twinning on 100. H. « 5-6. G. « 3.275. F. = 1391® C. 
Insoluble in HCl. Miscible in all proportions with CaFeSi20e, and 
Allen, White, Wright and Larsen: Am. Jmir. Sci., CLXXVII, 1909, p. i. 
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also, at high temperature, with ocMgSiOs (see Fig. 272). The optic 
plane is 010; Z A c » + 38 - 5 °- (+) 2V = 59“, p> V weak. N, = 

1.6945, Nm * i.668i C, 1.6713 D, 1.6790 F, Np = 1.6646, Np — Np 



Fig. 272. —Variations in composition and optic properties in the Mg2Si206~CaMgSi206 

series. 


=» 0.030. Colorless. Made from fusion. The natural substance, called 
diopside, is an important member of the pyroxene group, but is almost 
never free from iron, etc. 

CaFeSijOo is monoclinic; it was probably produced by Sdilaepfer 


O/ot/C a/Tp/rS 
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and Niggli®® by the hydrothermal method. Perfect no'cleavage. 
Insoluble in HCl. The optic plane is oio; Z A c *= 46“-47°. N, > 
1.76 > Np, N, — Np = 0.03. Color pale yellowish green. The nat¬ 
ural substance, called hcdenhergitc, is an important member of the 
pyroxene group, but is not found pure in nature. 

CaMgSi20u and CaFeSi20« are miscible in all proportions as 
crystals and the series is an important part of the pyroxene group. 
Crystals are short prismatic with perfect no cleavages at about 87°; 
simple twinning on loo not rare. H. = 5-6. G. = 3-275-3.55. 
Insoluble in HCl. The optic plane is 010; ZAc = 38®-47®. 
(-f) 2V = 59 °- 6 o°. Ne = 1.69-1.76, N„ = 1.67-1.75, Np = 1.66- 
1.74, Ng — Np = 0.030-0.018. The relations between optic properties 


tfi 

Fig. 273.—A crystal habit 
of CaMgSisOfi (diopside). 



Fig.—274. Optic orientation 
of CaMgSioOf, (diopside). 



Fig. 275.—Optic orien¬ 
tation of CaFeShOft. 
(Hedenbergite). 



and composition are shown in Fig. 276 which is based largely on 
natural minerals. 

Sr2Si04 is probably monoclinic,*® commonly twinned on 100. 
F. = 7. The optic plane is normal to 010; XAc = 17°. (-f-) 2V = 

32§“, Ng = 1.752 C, 1.756 D, 1.766 F, Nm = 1.727 C, 1.732 D, 1.744 
F, Np = 1.722 C, 1.7275 D, 1.740 F, Ng — Np = 0.0285 D. No inver¬ 
sion found. Colorless. Made by heating at high temperature. 

CaSiOs has two crystal phases.®® The a-phase is pseudohexagonal 
and probably monoclinic in equant grains with 001 cleavage and 
H. = 5. G. = 2.905. F. » 1540® C. It can take into crystal solution 
up to 2 per cent Si02,16 per cent CaMgSiaOe, 25 per cent Ca2MgSi207, 
20 per cent Ca3Si207, or 100 per cent SrSiOs. Solid solution of about 

“ Zeit. anorg. Chem., LXXXVn, 19x4, P- S*- 

•• Ferguson and Merwin: Am. Jour. ScL, CLXXI, 1906, p. 89; CXCXTII, 1919, p. 81, 
165. Rankinand Wright; Am. 7onr.5d.,CLXXXIX, 1915, p. I. P. Eskola: Am./oxr. 
Set., TV, 1942, p. 331. 
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3 per cent MgO lowers N, about 0.006 with no other effect on the optic 
properties. (+) 2E = o®-8®, N, = 1.649 C, 1.654 D, 1.663 Nm = 
Np = 1.607 C, 1.610 D, 1.618 F, N, — N„ = 0.044. It may show 
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Fig. 276.—Variations in composition and optic properties m the CaMgSiiOfi-CaFeSi20e 
or diopside-hedenbergite series. 


lamellar twinning on 001 with X A a = 3°. Colorless. Stable above 
1200® C. Made from fusion and foimd in some slags; called pseudo- 
woUastonile. 
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The j3-phase is monoclinic;®® crystals lath-shaped with perfect 
loo and good ooi cleavages. H. = 5. G. = 2.915. Inverts at 
1200° to the a-phase. Decomposed by HCl. The optic plane is 
normal to cleavage lines and elongation (b), with parallel extinction. 
(—) 2V = 39°, N, = 1.631, N„ = 1.629, Np = 1.616, N* - Np = 
0.015. Colorless. Made by crystallization of the glass at about 
1000° C. It can take into crystal solution up to 3 per cent Si02, 
17 per cent CaMgSi20o, 65 per cent Ca2MgSi207 or 45 per cent 
Ca3Si207. The natural substance, called wollastonite, is found at 
limestone contacts. CaSiOa glass has®® G. = 2.904 and N = 1.6241 
Li, 1.6280 Na, 1.6317 Tl. 

Ca(Fe,Mn,Mg)2Si309 is triclinic®^ with a:b :c = 1.093 ■ ^ • 
0.729, a — 99° 37', /3 = 99° 21', y = 83° 53'. Crystals 110 plates 



with perfect no and iTo cleav¬ 
ages. G. = 3.39. The optic axes 
are nearly normal to the cleavages; 
extinction normal to X is at 5° 
and normal to Z is nearly 0°. 



Fig. 2/7.—Optic orientation of CaSiOj Fig. 278.—A crystal habit of rhodonite. 


(wollastonite). 


(_) 2V = 65!°, Nm = 1.701, N, — Np = 0.018. Color pale yellow, 
not pleochroic. Forms in acid steel-furnace slags, and has been named 
voglite. 

MnSiOs is triclinic;®® crystals prismatic with no, iTo, and ooi 
cleavages. See Fig. 278. H. = 5. G. = 3.63 (Kallenberg) or 3.716 
(Jaeger). F. =» 1273° C. Extinction on 100 at 31° to c. Biaxial and 
positive (Kallenberg). Ni = 1.739, N2 = 1.733, N, — N, = 0.007 
(Jaeger); N = 1.714 (Kallenberg). The glass has G. = 3.48, N = 1.700 
(Jaeger). Color pink. Made by fusion. The natural substance, 

^ A. F. Hallimond: Min. Mag,, XVIII, 1919, p. 368. 

®*S. Kallenberg: Cent. Min., 1914, p. 38^ F. M, Jaeger: Proc, K, Akad, Wet, 
Amsterdam, LVIII, 2, 1916, p. 896. 
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called pyroxmangite, is similar but contains Fe. Rhodonite seems to 
be different,®® containing Ca, but the evidence is not conclusive. 
According to Hey^® there is a continuous series from MnSiOa to at 
least 50 per cent CaSiOa, available data on this (continuous?) series are 
assembled in Fig. 279. 

Ca2Pb(Si03)3 is biaxial with G. = 3.99 and Nm = 1.795. 



Fig. 279. —Variations in composition and optic properties in the MnSiOr-CaSiOs series. 


5 . HYDROUS SILICATES OF DIVALENT BASES 

Ca2Si04'H20 (?) is orthorhombic in acicular groups. Soluble in 
HCl. Positive elongation and parallel extinction. N, = 1.612, 
N* = i.6i±, Np = 1.605, Nj — Np = 0.007. Colorless. Apparently 
the same as the natural hUlebrandite. 

BaSi03-6H20 is orthorhombic^® with a :b :c ^ 0.856; i : 0.563. 

* A. N. Winchell: Am. Mineral., XII, 1927, p. 10. 

•® M. H. Hey: Mineral Mag., XXII, 1929, p. 193. 

** TtU. Crit. TaUes, 1 ,1926, p. 144. 

“Wahl: Zeit. Kryst., XXXVI, 1902, p. 156. 
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Crystals prismatic often with 210,100, 010, in, 021. G. = 2.58-2.60. 
Optic plane is 010; X — a. (—) 2V = 39° 40' Na, p> v very strong. 
N, = 1.548, Nm * 1.547 (calc.), Np * 1.542, Nb - Np = 0.006. 
Colorless. 

H2Ca2Mg5Sig024 is monoclinic with a :b : c = 0.541 : i : 0.288, 
/3 = 74° 48', H. = 5-6. G. = 2.9. Perfect no cleavage at 124°. 
Insoluble in acids. The optic plane is 010; Zt\c — i8°±. ( —) 

2V = 88°, Np = 1.625, Nm = 1.613, Np = 1.599, Np — Np = 0.026 
fnat. cryst.). Colorless. The natural substance, called Iremolite, is 
not rare. There is a gradation from the nearly pure substance to the 
ferrous iron equivalent, H2Ca2Fe5Si8024, known as actinolite, which is 
very similar in shape and cleavages. In it the optic plane is 010; 
Z/\c = io°±; (-) 2V = 75°; Np = 1.685, = i. 67±, Np = 

1.668, Np — Np = 0.017 (nat. cryst.). Color 
green with X = pale yellow, Y = greenish 
yellow, Z = green. When these minerals are 
heated to about 800° C. the hydrogen may 
be driven off with very little effect upon the 
optic properties of tremolite,'*^ but increasingly 
important effects upon members of the series 
containing increasing amounts of iron. Barnes'*^ 
has shown that this is due to oxidation of the 

iron. After heating a member of the series ^ „ , ...... 

With about 20 per cent of the iron molecule the of BaSiO,- 611 , 0 . 

extinction angle (Z A c) had changed from 15° 
to 10°, the optic angle from 73° to 56° and the indices from Np = 
1.6413, Np, = 1.6313, Np = 1.6133, Np - Np = 0.0280 to Np = 
1.6728, Nm = 1.6634, Np = 1.6301, Np — Np = 0.0427; finally the 
color changed from green to brown with X = greenish brown, Y = 
deep brown, Z = dark brown. Except for the color change these 
modifications are conveniently summarized in their relation to com¬ 
position in Fig. 281. 

Hornblende differs from the tremolite-actinolite series chiefly in 
containing alumina and soda, but crystallographically and optically 
it is very similar to that series. Also, it is affected in about the same 
way by heating to 800° C. But in the case of hornblende the effects 
of heating are still more pronounced; for example, the extinction angle 
changes from about 20° to sensibly 0°, while the indices may be 
increased as much as 0.05 and the birefringence may be increased even 
V. E. Bames: Am. Mineral., XV, 1930, p. 393. 
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more. These changes in relation to the mean index (and therefore 
approximately in relation to the tenor of iron) are shown in Fig. 
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Fig. 282 .—Effects on optical properties of heating members of the pargasite-hornblende 
series to about 850° C. (After V. E. Barnes: Am. Mineral.^ XV, 1930, p. 393.) 
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FeSi03'»H20 is apparently amorphous. G. = 2.8+. Soluble in 
HCl. Isotropic with = 1.650-1.654. Color green. Made by 
mixing solutions of ferrous chloride and sodium silicate. The natural 
substance, called greenalite, is abundant in cherts and taconite of the 
Lake Superior region. 

6. ANHYDROUS SILICATES OF TRIVALENT BASES 

AlQSi20i3 is orthorhombic^® with a :b :c = 0.986 : i : ?. Crystals 
prismatic with distinct 010 cleavage. G. = 3.03. Changes to corun¬ 
dum and liquid at 1810° C. The optic plane is 010; Z — c. (-f-) 
2V = 45° to 50°, N, = 1.654, Nm = 1.644, Np = 1.642, Np - Np = 
0.012. Colorless, if pure, but often pink or blue^® and pleochroic 
with X = Y = colorless, Z = fine blue. Color is due to 1-3 per cent 
Fe203 -f TiOa which raises the indices progressively to N, = 1.682, 
N« = ?, Np = 1.661, Np — Np = 0.021. Made from fusion. The 
natural substance, called mullite,^^ occurs in fused argillaceous sedi¬ 
ments found as inclusions in igneous intrusions. All three of the 
natural crystal forms of Al2Si06 (namely sillimaniie, andalusite and 
kyanite) change to mullite and liquid when heated to 1545° C.; anda¬ 
lusite and kyanite change at even lower temperatures.^* In all its 
physical properties sillimanite is remarkably like mullite; thus, 
optically it has the optic plane in 010, Z — c. (-}-) 2V = 

Np = 1.677-1.684, Nm = 1.658-1.662, Np = 1.657-1.661, Np — Np = 
0.020-0.023. Colorless or tinted and pleochroic in pink or blue. 

Alumina-silica hydrogels are apparently amorphousand isotropic. 
After ignition N = 1.48 to 1.68 increasing with increasing alumina, 
thus: if AI2O3 : Si02 = 0:1, N = 1.48-1.485; i : 6.5, N = 1.48- 
1.49; I :4.3, N = 1.495-1.505; I : 2.8, N = 1.520-1.535; i : 1.9, 
N = 1.535-1.545; I :o.9, N = 1.58-1.595; 1:0, N « 1.68. The 
determination of the refractive index of the colloidal a>nstituent of 
clay might be used to determine whether the alumina is present as a 
hydrate or as a silicate (?). 

** As measured at the University of Wisconsin by Dr. J. Jl. Hawley. 

N. L. Bowen and J. W. Greig: Jour. Am. Ceram. Soc., VII, 1924, p, 238. 

W. Eitel: Zeit. anorg. Chem.y LXXXVIII, 1914, p. 173. 

Bowen, Greig and Zies; Jour. Wash. Acad. Set., XIV, 1924, p. 183. Mullite is said 
to be merely 2Al2Si06+Al20a, that is, extremely fine corundum in fibrous sillimanite, by 
W. Eitel: Zeit. Kryst., LXIV, 1927, p. 535. 

"A. B. Peck: Am. Mineral., X, 1925, p. 253, 

" J. Splichal: Mineral. Ahst., I, 1922, p. 288. 
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7 . HYDROUS SILICATES OF TRIVALENT BASES 

TTgAly SLtOig (?) is orthorhombic with perfect ooi cleavage and 
flexible lamellae. H. = 1-1.5. G. = 2.50. Soluble in HCl. The 
axis X is normal to the 001 cleavage. N = 1.58, Nj — N, =» 0.02 
(Becke);«i n, = 1.585, N„ = 1.55, Np » 1.533, N, - N, = 0.052 
(Miiller).®® Colorless. Made in a steel bomb. The natural sub¬ 
stance, called pyrophyllite, is abundant in some schises. The artifi¬ 
cial crystals have not been analyzed. 

H4Al2Si209 has three crystal phases, all monoclinic. The com¬ 
mon phase, known as kaolinik, forms vertically elongated vermicular 
crystals with perfect 001 cleavage. H. = 2-2.5. G. = 2.63. F. = 7. 
Insoluble in acids. The optic plane and Z are normal to 010; 
X A ±001 = 2°. (—) 2V = small, p> v. Ng = 1.566, Nm = 1.565, 

Np = 1.561, Ng — Np = 0.005. Also Ng = 1.564, Nm = ?, Np = 
1.556, Ng — Np = 0.006 (nat. cryst.). An artificial phase, made by 
heating the constituents in an autoclave®* at 250 atmospheres for 
288 hours, has G. = 2.68, N = 1.56, Ng — Np = distinct. Color¬ 
less. H4Al2Si209 begins to dehydrate at 430° C. and the refractive 
index decreases in rectilinear fashion from 1.568 to 1.535 (which 
represents a loss of 10 per cent of water); then the index falls more 
rapidly to 1.464. During this change the mineral has become uniaxial 
(negative) and has retained its birefringence without change. Such 
partly dehydrated kaolinik has been called metanacrik by Rinne.''*“ 
The alumina may be dissolved out of metanacrite with HCl and the 
remaining silica is negative uniaxial (like the silica skeletons left 
after treating mica with sulphuric add) with unimpaired birefringence 
and a refractive index of 1.440. 

8. ANHYDROUS SILICATES OF DIVALENT AND MONOVALENT BASES 

Na2CaSi04 is isometric with G = 2.79, F = high, and N nearly 
= 1.60. Colorless. Made from fusion. 

Na4CaSi309 is isometric and pyritohedral. Cr3rstals octahe¬ 
drons or more complex forms. G. = 2.775. Isotropic with N = 

J. Koenigsberger and W. J. Muller: N, Jahrh, Min. Beil. Bd. XLIV, 1920, p. 402. 

F. Becke: Zeit. anorg. Chem., LXXII, 1911, p. 156. 

C, S. Ross and P. F. Kerr: Am. Mineral.^ XV, 1930, p. 34 and 144; U. S. Geol. Surv. 
Prof. Pap. 165,1931, p. 151. 

Van Nieuwenberg and Peters: Rec. Trav. Ckim. Pays Bas, XLVIII, 1929, p. 27. 

** K. Spangenberg: Cent, Min., 1926, A, p, 417, 

“ F. Rinne: ZeU. Kryst,, LXI, p. 119. 

G. W. Morey and N. L. Bowen: Trans. Soc. Glass Tech,, IX, 1925, p. 226. See also 
R, W. G. Wyckoff and G. W. Morey: Am, Jour. Sci., CCXII, 1926, p. 419. 
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1.571. Decomposes to Na2Ca2(Si03)3 and liquid at 1141“ C. Color¬ 
less. Made from fusion. 

EUCaSisOg forms octahedral crystals which are isotropic with 
N = 1.572. In X-ray pattern it is not strictly isotropic. Colorless. 

£2663814012 is isometric®^ with G. = 2.531 and N = also 

weakly birefringent like leucite. 

Na2CaSi04 is isotropic®® and probably isometric with N nearly 
equal to 1.60. G. = 2.79. F. = high. Colorless. Made from fusion. 

E2CaSi04 is hexagonal ®®“ forming hexagonal bipyramids. F. = 
1630° C. Uniaxial positive with No = 1.600, Ne = i.6o5±, Nc — No 
= 0.005 ±. Colorless. 

KgCaSiioOgs is hexagonal;®®” plates have parallel extinction. 
Uniaxial negative with No = 1.548, Ne = 1.537, No — Ne = o.oii. 
Colorless. 

Na2Ca2Si309 is probably isometric ®® at high temperature, but 
only pseudocubic at ordinary temperature, with constant twinning 
diagonal to square sections; extinction highly inclined to twinning 
line. Twinning often multiple and complex. Inclined extinction 
suggests biaxial character. Melts at 1284° C. N^ = 1.599, Np = 
1.596, No — Np = 0.003. Colorless. Made from fusion. 

NaoBeeSiuOsT is orthorhombic ®^ with G. = 2.552 and N* = i-545, 
Nm = ?, Np = 1.532, Np — Np = 0.013 (-h) 2E = 60°; there¬ 

fore Nm = 1.533 and 2V = 38°. 

Na2Ca3Si60i6 is orthorhombic;®® crystals prismatic. It disso¬ 
ciates to CaSi03 and liquid at 1045° C. Positive elongation and 
parallel extinction, (-f) 2V = 75°. Np = 1.579, Nm = 1.570, Np = 
1.564, Np — Np = o.oi5. Colorless. Made from fusion. Similar acicular 
devitrification products of glass have been described under the name 
rivaite by Zambonini ®* and under the name reaumurile by Lacroix.®* 
Rivaite has been described as haxTng the optic plane normal to the 
elongation and Z normal to the laths. ( —) 2V = small, Nm = 1.56, 
Np — Np = weak. This is probably wollastonite according to Bowen.®® 

66a Q Morey, F. C. Kracek and N. L. Bowen: Jour. Soc. Glass Tech., XIV, 1930, 
p. 149. Revised and supplemented by data from G. W. Morey—^personal communication 
from H. E. Merwin, April 2, 1931. Revision includes statement that there is no com¬ 
pound: K20-2Ca0* 65102 . 

P. Gaubert: Bull. Soc. Fr. Min., L, 1927, p. 504, 

Rend. Acc. Napoli^ XVIII, 1912, p. 223. Dana’s 3d Appendix. 

^^Bull. Soc. Fr. Min., XXXVIII, 1915, p. 16; also P. Gaubert: Comp. Rend., 1925, 
P. 1853. 

Am. Mineral., VII, 1922, p. 64. 
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RIaumurite has been described by Gaubert *** as having parallel 
extinction and positive elongation, and as being biaxial with N, = 
I-545-I-55. Np = 1 - 54 , N, - Np = weak. 

EsCaaSioOiu has two crystal phases, both orthorhombic.The 
high temperature phase forms stout prisms (with highly inclined 
extinction). (+) 2V = large. Np = 1.59, N„, = ?, Np = 1.575, 
Nj — Np = o.oi5db. The lower temperature phase forms needles 
and plates with parallel extinction. ( —) 2V = ? Np = 1.57, 
Nm = ?, Np =» 1.56, Np — Np = o.oioi. Colorless. 

KaCaaSigOai is monoclinic®®" or triclinic; crystals are prisms and 
plates with slightly inclined extinction. ( —) aV = large, Np = 1.535, 
Nm = ?) Np = 1.515, Np — Np = 0.020. Colorless. 

K4CaSioOir) is monoclinic ®®" or triclinic; crystals are plates with 
inclined e.xtinction. ( —) 2V = 60° ± 5°. Np = 1.543, Nm = i-54i, 
Np = 1-535, Np - Np = 0.008. 

9. ANHYDROUS .SH.ir.tTKS OF TRIVALENT AND MONOVALENT BASES 

LlAlSigOu has two (or three?) crystal phases. The a-phase ®^ is 
isotropic (?) or tetragonal and positive uniaxial with N = 1521, 
Np — Np = 0.007, = 2.41, F. = 1380° C. The |8-phase is mono¬ 

clinic with N = 1.665, 1.70; ®2 G. = 3.17; metastable and inverts 
to the a-phase at 850° and above with a 30 per cent change of vol¬ 
ume. This phase in nature is known as spodumene; fotmd chiefly 
in pegmatite. 

LiAlSigOe glass has G. = 2.36 and N = i-5i9* 

NaAlSiOi has four crystal phases.®® The high temperature or 
a-phase is isometric of unknown index, presumably about 1.51; it is 
stable above 1248° C. and inverts at 687° C. on cooling to a triclinic 
phase characterized by lamellar complicated twinning with G. = 2.51. 
(-) 2V = I2'='-IS°, Np = 1.514, Nm = 1.514-, Np = 1.509, Np - 
Np = 0.005. Colorless. The natural substance, called camegieitey is 
supposed to form a constituent of some plagioclase/’'* The a-phase 
may show a second inversion at 227° C. marked (on heating) by an 
abrupt increase in birefringence. 

Ballo and Dialer: Zeit, anorg. Chem.y LXXIV, 1912, p. 33, LXXV, p. 68, LXXVI, 
1912, p. 48. F. Meissner: Ibid., CX, 1920, p. 187. F. M. Jaeger and A. Simek: Proc. 
Akad. Amsterdaniy XVII, 1914, p. 239. 

Le Coultre: BtiU. Soc. Chim, Fr.y XXXIII, 1923, p. 429. 

N. L. Bowen and J. W. Greig: Am. Jour. Sci.y CCX, 1925, p. 204. 

H. S. Washington and F. E. Wright: Am. Jour, Sci., CLXXIX, 1910, p. 64. 
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The low temperature or / 5 -phase is hexagonal with c «* 0.839. 
Crystals short prismatic with poor io 7 o and 0001 cleavages. G. = 
2.619. F. = 1526° after inversion at 1248® C. Gelatinizes with adds. 
Uniaxial negative with No = 1.537, N« = i.S33, No — N* = 0.004. 
Colorless. This phase of NaAlSi04 may take KAlSi04 into crystal 
solution in large and perhaps unlimited amounts at high tempera¬ 
ture with only slight changes in the optic properties. It may take 
CaAl2Si208 (or perhaps CaAl204 + SiSi04) into crystal solution 
up to 35 per cent, and this makes no change in No and a linear change 
in N, from 1.533 to 1.539, the optic sign changing through an isotropic 
condition at about 23 per cent of the lime molecule. The natural 
substance, called nephelUe, is the most important feldspathoid of 
igneous rocks. NaAlSi 04 glass has N = 1.510. 

LiAlSi04 is finely granular with G. = 2.362 and N = 1.531 Na, 
N, — N, = weak; the glass has G. = 2.429 and N = 1.541 Na. 
Colorless if pure. Made from fusion. The artifidal product is not 
the same as the natural substance, called ewryptite, of the same, or 
nearly the same, composition, which has N# = 1.54 or 1.545 and 
No — Ne = weak (Larsen). 

K2Al2Si06 is isometric;®® crystals octahedral. Soluble in HCl. 
Isotropic with N = 1.540. Colorless. Made from fusion. 

KAlSi04 has two crystal phases.®® The high temperature or 
a-phase is orthorhombic and stable above 1540° C. F. = 1800® C. 
At ordinary temperature it is only metastable, but it has been formed 
at about 500® C. It shows very common twinning of the aragonite 
type. (-) 2V = 39®, Na = 1.536, N„ = 1.535, '^v = N, - 

Np ■= 0.008. Colorless. Made from fusion. The glass has N = 1.508. 
Apparently described as occurring in volcanic rocks in West Africa. 

The /S-phase of KAlSi 04 is hexagonal with c = 0.837; isomorphous 
with nephelite; crystals simple prisms with H. = 6. Uniaxial nega¬ 
tive with No = 1.532, No = 1.527, No — No = 0.005. The bire¬ 
fringence ®® is not increased by 6.6 per cent Fe203. Colorless. The 
natural substance, called kaliophilite, is rare in some volcanic rocks. 
Made with potassium tungstate as a flux at 1300® C., but yields 
KAlSiaOe at 800® C. 

N. L. Bowen: Am. Jour. Sci., CXCIII, 1917, p. 115. 

®®N. L. Bowen: Am. Jour. Sci.t CLXXXIII, 1912, p. 551. 

F. M. Jaeger and A. Simek: Proc. Akad. Amsterdam^ XVII, 1914, p. 239. 

••N.L.Bowen: Am.Jour.ScuCXCJIL, 1917,?. nS- G. W. Morey and N.L. Bowen: 

Am. Jour. Sci., CCIV, 1922, p. i. 

G. Friedel: Bull. Soc. Fr. Min.y XXXV, 1912, p. 471. 
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RbAiSi04 is hexagonal and isomorphous with nephelite. Uniax¬ 
ial negative with N„ = 1.530, N = 1.526, N„ — = 0.004. Color¬ 

less. 

NaYSi04 is hexagonal with c = 0.813. Uniaxial negative with 
N» ■= 1.832, Ne = 1.804, N<, — Ne = 0.028. Colorless. 

LiLaSi04 is hexagonal and isomorphous with nephelite. Uniaxial 
negative with N<, = 1.870, N„ = 1.843, N* — N,, = 0,027. Color¬ 
less. 

NaLaSi04 is hexagonal with c <= 0.814. Uniaxial negative with 
No = 1.867, No = 1.840, No — No = 0.027. Colorless. 

ELaSi04 is hexagonal with c — 0.814. Uniaxial and negative 
with No = 1.867, No = 1.840. No — No = 0.027. Colorless. 

NaPrSi04 is hexagonal and isomorphous with nephelite. Uni¬ 
axial and negative with N„ = 1.889, N* = 1.861, No — No = 0.028. 
Colorless. 

NaNdSi04 is hexagonal with c — 0.813. Uniaxial and negative 
with No = 1.889, No = 1.861, No — No = 0.028. Colorless. 

NaSmSi04 is hexagonal and isomorphous with nephelite. 
Uniaxial and negative with No = 1.898, No = 1.867, No — No = 
0.031. Colorless. 

EAlSi206 has two crystal phases; the high temperature or 
a-phase is isometric. Crystals trapezohedral, as in Fig. 283. G. = 
2.47. Unstable below about 620° C. Isotropic with’^’ N = 1-495 
750° C. and about 1.501 at 20° C. Colorless. Made from fusion. 
The natural substance, called a-kucite, is a feldspathoid found in some 
volcanic rocks. 

The i 3 -phase of KAlSi206 is orthorhombic (?) and characterized 
by complex multiple twinning as in Fig. 284 by means of which crystals 
retain an external pseudo-isometric form, (-h) 2V = very small, 
Ne = 1.509, Nm=Np = 1.508, Nj — Np = o.ooi. Colorless. Made 
from fusion. The natural substance, called / 3 -leucite, is a feldspathoid 
found in some volcanic rocks. 

EFeSiaOo has two crystal phases; one, produced with a vanadate 
flux, is pseudo-isometric and has been called iron~kucik\ it has 
G. = 2.59, N = 1.619 snd Np — Np = more than^* leucite; the 
other is monoclinic and is called potassium-aegirite; it is prismatic, 

™ G. Trdmel: Ver. K. WUhdm Inst. SiUkatfor., Ill, 1930, p. 103. 

F. Rinne and R. Kolb: N. Jahrb. Min., II, 1910, p. 157. 

’*HautefeuiUe: Comp. Rend., XC, 1880, p. 313, 378. 

’’ P. Gaubert: C. R. Cong. Soc. Sav. Set., 1925. 

P. Niggli; Zeit. anorg. Chem., LXXXIV, 1914, p. 31. 
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insoluble in HCl; the optic plane is oio; X A c = o°-2°; ( —) 2V = 
rather large, = ?, N„ > 1.80 > Np, N*. — Np = 0.02-0.03. Color 
yellowish green with X > Y. Made in a steel bomb. 

Na6Fe(Si03)4 is hexagonal in prismatic crystals which are slowly 
attacked by water and gelatinize with HCl. F. = 838° C. Uniaxial 
and positive with No = 1.609, = 1.625, Nc — No = 0.016. 

Na5Fe(Si03)4 glass has N = 1.583. 

6Na20-4Fe203-5Si02 forms'-'’ rounded grains which fuse at 
1091*’ C. They have Nm = 1.96 and Nj — Np = o.oi±. They 
show intricate polysynthetic twinning. 

LiAlSi40io has two (or three?) crystal phases; at low temperature 
the natural substance is monoclinic with a -.h : c = i.i$4 : 1 : 0.744, 




Fig. 283.—A crystal habit of KAISijOe Fiu. 284.—Photomicrograph of KAlSi20g 

(leucite). (leucite) showing twinning. 

67° 34'; crystals are commonly ooi or oio tablets with perfect 
001 and distinct 201 cleavages. H. = 6. G. = 2.40. The optic plane 
and Z are normal to 010; XAa (= oor cleavage) = —2° to —8®. 
(+) 2V = 83° 34' Na. Ng = 1.516, Nm = 1.508 Li, 1.510 Na, 1.518 
blue, == 1.504, Ng — Np == 0.012. The natural substance is 
called petalite. It becomes uniaxial at 1000-1100° C. and isotropic 
at 1200° C. with G. = 2.38; it fuses at 1378° C. to a glass which has 
G. = 2.29 and N = 1.4946.^® Crystallization of the glass does not 
produce petalite. 


N. L. Bowen, J. F. Schairer and H. W. V. Willems: Am. Jour. Sci.^ XX, igjo, p. 405. 
A. Brun: Ann. Sc. Phys. Nat. Genive, April, igo2, p. 13. Also Ballo and Dittler; 
Zeit. anorg. Chan., LXXIV, 1912, p. 33; LXXV, p. 68; LXXV 7 , p. 48. 
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NaAlSisOs probably has three crystal phases/^ the high tempera¬ 
ture or a-phase is stable above 900° C.; foimd in nature (called bar- 
bierite) only in crystal solution in sanidine; by extrapolation the prop¬ 
erties may be predicted as follows: (—) 2V = 30° ±, N„ = 1.533 
Nm = 1.532 ±, Np = 1.524 ±, Na — Np = 0.009 ±. Colorless. 
It is probably monoclinic and miscible in all proportions at high tem¬ 
perature with sanidine, the high temperature phase of KAlSisOg. 
The resulting mix-crystals have optic properties at ordinary tempera¬ 
tures as shown in Fig. 285, which is based on scanty data. 




Fig, 285. —Variations in composition and optic properties in the Fig. 286. —Optic orien- 
KAlSitOs-NaAlSijOg series of monoclinic feldspars; based on tation of NaAlSijOs 
scanty data, partly from natural crystals. (albite). 


Below 900° C. the stable phase of NaAlSisOs is triclinic; crystals 
010 tablets, etc. G. = 2.605, F. = 1100° C. The optic plane is 
about normal to 010, Z making an angle of 75° with it. (-1-) 2V = 70®, 
Ne = 1.5362 C, 1.5386 D, 1.5445 F. = 1.5299 C, 1.5323 D, 
1.5381 F, Np « 1.5258 C, 1.5282 D, 1.5341 F, Np - Np * 0.0104 

A. N. Winchell: Jour, Geol.y XXXIII, 1925, p. 714. 
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D. Extinction angles: normal to X, +77“, normal to Z, +21®, par¬ 
allel to 001, +3®, parallel to 010, + 20®. Colorless. The natural sub¬ 
stance, called albile, is the pure sodium feldspar found in some pegma¬ 
tite, etc. It is miscible in all proportions with CaAl2Si208 to form the 
plagioclase series. All parts of this series have been made artificially,^® 
but not studied optically with suflicient detail and precision to give 
data for a graph. The relations shown in Fig. 287 are therefore based 
on natural crystals. 

A metastable phase of NaAlSisOs at low temperature is pseudo¬ 
monoclinic and triclinic. This form (analbite) has not been made 
artificially. 

NaAlSisOg glass®® has G. = 2.382 and N = 14864 Li, 14891 
Na, 1.4916 Tl. 

KAlSiaOs has three crystal phases.'^® The high temperature 
phase known as sanidinef^ is monoclinic. It is stable above 900° C. 
and metastable below that temperature. Crystals 010 tablets, etc., 
with perfect 001 and distinct 010 cleavages. H. = 6. G. = 2.57-2.58. 
Begins to change to KAlSi206 and liquid at 1170° C. and is completely 



Fig. 288. 




\\0 





Fig. 290.—A Carlsbad twin 


Figs. 288, 289. —Crystal habits of KAlSisOg (orthoclase). of KAlSiaOg. (orthoclase). 


liquid at 1530° C. Optic properties not yet measured on pure material; 
by extrapolation they seem to be: the optic plane is 010; X A a =6®, 
(-) 2V = o®-20®, Nj = Nm = 1.523, Np = 1.517, Nj - Np = 0.006. 
Colorless. Made from crystallization of glass at about 1150® C. The 
natural substance is a common feldspar in volcanic rocks. The prop¬ 
erties of mix-crystals of sanidine and NaAlSiaOs (barbierite) are shown 
in Fig. 285. 

The stable low temperature phase of ELAlSiaOg, known as adtdaria 

A. L. Day, E. T. Allen and J. P. Iddings: Isomorphism of Feldspars: Cam. Inst. 
PM. 31, Washington, 1905. 

A. N. Winchell: Jour. Geol,^ XXXIIl, 1925, p. 714. Sanidine was called abnormal 
orthoclase by Dcs Cloizeaux. 



314 


ARTIFICIAL INORGANIC SOLID SUBSTANCES 


is also monocUnic. It is stable below about 600° C. Crystals short pris¬ 
matic, etc., with Carlsbad twinning, perfect 001 and distinct 010 cleav¬ 
ages. H. = 6. G. = 2.55. Insoluble in HCl. The optic plane is 
normal to 010; XAo = 3°, ( —)2V = 62°, N* = 1.525, N», = 1.523, 
Np = 1.519, N„ — Np = 0.006. Colorless. Made by crystallization 
in a steel bomb.** The natural substance practically always contains 



p'lG. 291,—Optic orientation 
of KAlSisOs (sanidine). 



Fig. 292. 


Fig. 293. 


Figs. 292, 293. —Optic orientation of KAlSisOs (adularia) 


10-25 per cent NaAlSiaOs In crystal solution; it is the common 
orthoclase feldspar of igneous rocks. 

Another low temperature phase of KAlSisOs, known as microcline, 
is a common triclinic feldspar, but has not been produced in pure arti¬ 
ficial crystals. 

KFeSisOs is monoclinic and triclinic corresponding with ortho¬ 
clase and microcline. The monoclinic phase shows common twinning 
on 100, 001 or 021; G. = 2.712; the optic plane is parallel with 010 
and extinction in 010 is at 7°-8° to a. N, = 1.609, Nm = ?, Np = 
1.601, Nj — Np = 0.008. Color yellow. Made by passing Si02 and 
Fe203 into fused potassium vanadate and cooling slowly. 

NaFeSi206 is monoclinic in thin 100 plates elongated parallel to 
c', perfect no cleavages at 88®. H. = 6-6.5. G. = 3.55 ±. The optic 
plane is 010; X A c = -1-8® (red) to -I-10® (blue). (—) 2V = 62® Li, 

•® E. S. Larsen: Am. Jour. Set., XXVIII, 1909, p. 263. 

J. Koenigsberger and W. G. MUller: N, Jahrh, Min. Beil. Bd. XLIV, 1921, p. 402; 
G. W. Morey and N. L. Bowen: Am. Jour. 5 d., CCIV, 1922, p. i. 

**H. S. Washington and H. E, Merwin: Am. Mineral.^ XII, 1927, p. 233. 
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6 o“ ± Na, 6o® (blue); = 1.836, N„ = 1.819, N, = 1.776, N, - 
Np = 0.060. Color yellow to brown or green, and weakly pleochroic. 
Made from fusion. The 
natural substance, called 
acmite or aegirite, is an un¬ 
common pyroxene. Appar¬ 
ently miscible in all pro¬ 
portions with CaMgSiaOo 
and CaFeSfeOo, but arti¬ 
ficial mix-crystals have not 
been studied. 

10. HYDROUS SILICATES OF 
TRIVALENT AND MON¬ 
OVALENT BASES 

The substances of this 
division are nearly all arti¬ 
ficial alteration products of natural zeolites. The formulas of the 
artificial substances are so complicated and questionable that it 
seems better to avoid them by classifying the substances under the 
name of the natural zeolite from which they are derived. 

Analcite is isometric often in trapezohedral crystals. Somewhat 
variable in composition, but nearly NaAlSi^Oo-HaO. H. = 5. G. = 
2.25 ±. F.= 2.5. Gelatinizes with HCl. Isotropic with N = 1.472. 
Colorless. Made in a steel bomb. Natural analcite increases in 
birefringence as it loses its water when heated; for example, a crystal 
with Np — Np = 0.00032 in its natural state has N® — Np = 0.00072 
after losing 3.6 H2O, Np — Np = 0.00134 after losing 6.3 H2O, and 
Np — Np = 0.00212 after losing 8.0 H2O. However, the birefringence 
decreases to zero if the mineral is heated to 20o°-25o° C. in water 
vapor.^ When heated in air until cloudy and then immersed in oil, 
analcite is triclinic with negative birefringence and so similar to 
the high temperature condition of leucite that it has been called 
nairorUeticite. A single cubic crystal is then composed of many 
twinned parts. 

Gmelinite from Iceland has: (—) 2V = o°-3o° and Np — N, = 

**G, Friedel: Btdl. Soc» Fr, Min,y XIX, 1896, p. 363. 

C. Klein: Sitz. Akad. Wiss. Berlin, 1897, p. 290. 

F, Rinne: Sitz. Akad. Wiss. Berlin, XLVI, 1890, p. 1163. 

F. Grandjean: Comp. Rend., CXLIX, 1909, p. 866, and Btdl. Soc. Fr. Min., XXXIII, 
1910, p. s. 




Fig. 294. —Optic orienta¬ 
tion of (K,Na)AlSi808 
(sodian adularia). 


Fig. 295.—Optic ori¬ 
entation of 
NaFeSi^Ofi (acmite). 
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0.002; dehydrated and saturated with air it has: (+) 2V < 10®, 
N, — Np = 0.027. Saturated with iodine, it is pleochroic with a = 
clear brown, c = red brown to opaque. Saturated with bromine it is 
colored, with a = nearly colorless, c = reddish yellow; heated with 
boiling glycerine it becomes pleochroic with a = colorless, c =» red 
brown. 

Gmelinite from Nova Scotia takes up K in place of Na in thirty 
minutes in contact with potassium mercuric iodide with loss of 4 per 
cent H2O and increase of density from 2.045 to 2.090; no optic data 
given. The change can be reversed by immersion in NaCl solution. 

Natrolite which has 2E = 98° 58' at 15° C. has ** 2E = 90° 55' 
at 307.9° C. at which temperature the water 
is expelled.*® However, when natrolite is 
heated until it is cloudy and then immersed 
in oil *“ it becomes monoclinic (called meta- 
natrolite), the former 001 becoming 010 and 
the former prism faces becoming loi and 
Toi; in this condition the optic angle and 
birefringence are not distinctly changed; 
7 j — b and XAc = 7°. Metanatrolite 
reverts easily to natrolite on cooling in 
moist air. 

Natrolite has been changed artificially 
to Ca-natrolite, K-natrolite, Ag-natrolite, 

Fig. 296.-OpticorientaUonof Tl-natrolite and NH4-natrolite, but the 

NasAljSi,Oio-2HiO (natrolite). optic properties of these are unknown. 

The changes are incomplete and proceed 
more slowly than in zeolites containing more water. 

11. ANHYDROUS SILICATES OF TRIVALENT AND DIVALENT BASES 

Ca3Al2Si30i2 has been crystallized artificially,®' but the optic 
properties were not reported. The natural substance, called grossu- 
larite, is a common garnet which is isotropic or weakly birefringent 
withN = 1.735 (pure). 

T. L. Walker: U, Toronto Studies, Geol, Ser,, 14, 1922, p. 48. 

** J, Lorenzen: Zeit, Kryst,, XVI, 1890, p. 612. 

G. Stoklossa: N, Jakrb, Min, Beil. Bd, XIH, 1919, p, 33. 

Zoch: Chemie der Erde, I, 1915, p. 219. 

E. S. Shepherd, G. A. Rankin and F. E. Wright: Am, Jour. Set., CLXXVIII, 1909, 
P‘ 305. 
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Calcium aluminum silicate (?), abimdant in Portland cement 
clinker, is imiaxial negative with No = 1.730, Ne = 1.726, No — N* = 
0.004. Colorless. 

Ca2Al2Si07 is tetragonal.®^ Crystals prismatic with distinct 001 
cleavage. H. = 6. G. = 3.04. Uniaxial negative with No = 1.669, 
No = 1.658, No — No = 0.011. Colorless. Made from fusion. The 
natural substance, called gehlenite, is quite impure in nearly all cases. 
Ca2Al2Si07 glass has G. = 2.884 N = 1.638 Na. 

Ca2Al2Si07 is miscible in all proportions with Ca2MgSi207 as noted 
on page 285 and illustrated in Fig. 259. According to the writer’s 
interpretation of the experimental work of Buddington, in the light 
of Berman’s study Ca2Al2Si07 is miscible with CaSi307 up to about 
14 weight per cent of CaSigO?; these mix-crystals have No = 1-643, 
No = 1.635, No — No = 0.008. Similarly, Ca2Al2Si07 is miscible 
with 14.9 per cent of CaSisO? and 16.1 per cent of Na2Si307 and these 
mix-crystals have No = 1-631, No = 1.614, No — No = 0.016. 

Ca2Al2Si07 with some Ca2(Fe,Mn,Mg)Si207 and Na3Si207 has®^ 
No = 1-6375 (636), 1.6389 Na, 1.6465 (513), 1.6493 (47 o)>No = 1.6389 
(636), 1.6417 Na, 1.6484 (513), 1.6518 (470), No — No = 0.0028 Na. 
Another crystal gave: No = 1.6387 (636), 1.6407 Na, 1.6467 (513), 
1.6512 (470), No = 1.6422 (636), 1.6459 Na, 1-6450(513). 1-6552 (470), 
No — No = 0.0052. 

CaLa2Si208 is hexagonal with c = 0.814. Uniaxial and negative 
with No = 1.880, No = 1.874, No — No = 0.006. Colorless. 

CaNd2Si206 is hexagonal with c = 0.813. Uniaxial luid nega¬ 
tive with No = 1-903, No = 1.897, No — No = 0.006. Colorless. 

Be3Al2(Si03)6 is hexagonal with c — 0.4989. Crystals short 
hexagonal prisms terminated by 0001 or basal plates with indistinct 
0001 cleavage. H. = 7.5-8. G. = 2.7. Uniaxial negative with 
No = 1.580, No = 1.574, No — No = 0.006. Colorless when pure; 
colored light to dark green by addition of a little chromic oxide. The 
natural substance is called beryl —the green variety emerald. 

Mg2Al4Si50i8 has two crystal phases.®® The high temperature or 
a-phase is pseudohexagonal and orthorhombic in short prisms stable 
above 925® to 1150° C. Negative and uniaxial or nearly so. It may 
take Si02(?) in crystal solution causing variation of indices of refrac- 

•’J. L. Gillson and E. C. Warren: Jour. Am. Ceram. Soc., IX, 1926, p. 783. 

'* E. S. Shq)herd and G. A. Rankin: Jour. Ind. Eng. Chem., Ill, igir. No. 4. A. F. 
Buddington: Am. Jour. Sd., CCIII, 1922, p. 35. 

Cent. Min., 1913, p. 631. 
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tion. From melts with 66 per cent Si02 the crystals have N® = N „ = 
1.522, N, == 1.519, Nc — N, = 0.003; from melts with 50 per cent 


Si02 they have Nj = Nm= 1.528, 
Np = I >524, Np — Np = 0.004. 
Colorless. Made from fusion. 
The impure equivalent in nature 
is probably cordierite, which is 
foimd especially at contacts. 

At lower temperatures a less 
stable or /x-phase is produced, 
which inverts to the a-phase 




Fig. 297.—crystal habit of Mg2Al4Si«Oi! 
(cordierite). 



Fig. 298.—Pseudohexagonal cyclic twin¬ 
ning in cordierite. 


when heated. This phase is fibrous and has an average index of 1.535 
from a melt with 68 per cent Si02 and of 1.560 from a melt with 40 
per cent Si02. Colorless. Crystallized from the glass below 925° C. 





Fig. 299. Fig. 300. Fig. 301. 

Figs. 299-301.—Optic orientation of cordierite in a simple crystal and in twins. 


Calcium aluminum silicate (?), not rare in Portland cement 
clinker, is biaxial with (+) 2V = about 20“, p <v extreme, N# =* 
i-733>N« = 1.720, Np = 1.718, Np — N, = 0.015. Fotmd in clusters 
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of small brownish grains, the brown color being perhaps due to an 
iron stain. 

Ca3Al2Si08 is perhaps orthorhombic; it dissociates at 1335" C. 
to Ca2Si04 and CaA^Oi. Fibers and grains. Z parallel to fibers. 
(+) 2V = rather large. N* = 1.685, Nm = ?, Np = 1.675, Ng - Np 
= o.oi. Colorless. Made from glass at about 1300° C. 

BaAl2Si208 is monoclinic and isomorphous with KAlSisOg. Crys¬ 
tals 010 plates with common Carlsbad twinning. Distinct 001 and 
poor 010 cleavages. H. = 6. G. = 3.57 (Fouqu6).®® F. = 1640° 
± C. Soluble in HCl. The optic plane is 010; X A c = 4-3“. (-h) 
2V = 6o°-8o®, N, = 1.600,*® Nm = i.S93> Np = 1.587, Np - Np = 



0.013. Colorless. Made from fusion. The 
natural substance, called celsian, is a very rare 
feldspar. BaAl2Si208 is said to crystallize 
also in hexagonal plates®^ (at low temperature) 
which are uniaxial positive. 



Fig. 302. —Optic orienta- Fig, 303.—A crystal habit Fig. 304. —A simple albite 
tion of BaAl2Si208 of CaAl2Si208 (anorthite). twin of CaAl2Si208 (anorth- 
(celsian). ite). 


SrAl2Si308 is supposed to form a complete series *® of crystal solu¬ 
tions with CaAl 2 Si 208 and is therefore thought to be triclinic. It is 
fibrous without twinning. G. = 3.04. N, = 1.586, Nm = 1.582, 
Np = 1.574, Np — Np = 0.012, (—) 2V = moderate. Colorless. 

CaAl2Si208 is triclinic; ®® crystals 010 tablets or laths. H. = 6. 
G. = 2.765. F. = 1550® C. Soluble in HCl. Multiple twinning com¬ 
mon. The optic plane makes a large angle with 010, the axis being 
at about 43® to that plane and about 50® to 001, while the axis X makes 

G. A. Rankin and F. E. Wright: Am, Jour, Sci,^ CLXXXIX, 1915, p. i. 

•• BuU, Soc, Fr, Min,, HE, 1880, p. 124. 

A. S. Ginsbezg: Min, Absis,, II, 1923, 153. 
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an angle of about 32° with 010 and about 35° with 001. Extinction 
angle of 35° on 001 and 37° to 38° on 010; extinction normal to X 
is at 19!® to 001 and 32° to 010; extinction normal to Z is at 66® 
to 001 and 52° to 010. (—) 2V = 77°, Ng = 1.5885, Nm = 1-5832, 

Np = 1-5755) Ng — Np = 0.013. Colorless. Made from fusion. The 
natural substance, called anorthik, is an end 

yp--— member of the very common plagioclasc feldspar 

/1 / series, whose optic properties are shown in 

/ Fig. 287 on page 312. 

/ 1 1 \ 1^^# CaAl2Si20s glass has G. = 2.700 and 

N = 1.571Q Li, 1.5755 Na, 1.5786 Tl. 


12. HYDROUS SILIC.VTES OF TRIVALENT AND 
DIVALENT BASES (WIIH OR WITHOUT 
MONOVALENT BASES) 





i / / The substances of this division are nearly 

/ / all artificial alteration products of natural 

/ '7 zeolites. The formulas of the artificial sub- 

/ _ / stances are so complicated and questionable 

Fig. 305.— Optic orientation seems better to avoid them by classifying 

of CaAljSijOs (anorthite). the substances under the name of the zeolite 
from which they are derived. 

Chabazite from Aussig®*’with its normal tenor of water has: X =c, 
( —) 2V = 65° ±, Ng — Np = 0.0014; after driving out the H2O 
and allowing it to absorb dry air the mineral has: (+) 2V = less than 
12°, Z = c, Ng — Np = 0.0089; as it takes up water again the bire¬ 
fringence decreases and the sign changes. Saturated with NH4OH it is 
uniaxial positive with Ng — Np = 0.004. Saturated with iodine at 
300® C. and cooled in a desiccator it is positive and nearly uniaxial 
with Ng — Np = 0.009 =*= X = Y = pink, Z = yellow (darker 
when heated). Saturated with calomel at 500® C. and cooled it is 
uniaxial negative with N, — Np = 0.045; the calomel taken up is 
about 24 per cent and it shatters the crystals. Saturated with Hg at 
300° C. and cooled in a desiccator it has: (—) 2V = 74®, N, — N, =• 
0.028 and X = very pale yellow, Y = dark yellow, Z = darker reddish 
yellow; by addition of water the mineral darkens, X = brown, Y = 
dark brown, Z = opaque, and the birefringence decreases. The min¬ 
eral takes up 35 per cent Hg and can then take up 25 per cent H2O; 


" L. Duparc and M. Gysin: Bull. Soc. Fr. Min., XLIX, 1926, p. 63. 
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upon heating the water goes off and then the mercury, all without 
destroying the crystal. Saturated with sulphur, the mineral is nega¬ 
tive with Ng — Np = 0.036. Saturated with HgS it is positive, pale 
yellow, N, — Np = 0.036, and the refringence is increased. 

Chabazite, in a section parallel to loTi, is divided by twinning 
into two parts along a line parallel with the trace of c; the Z' vibra¬ 
tion directions in these parts make angles of about 17° with the twin¬ 
ning line and 35° with each other. Upon heating the crystal these 
directions gradually change, reaching a maximum of about 55° with 
the twinning line and 110° with each other, and then decreasing (with 
a decreasing and then decidedly increasing birefringence) to an angle of 
about 16° with each other. After partial dehydration such a section 
will take up CS2, which causes a very great increase in the birefrin¬ 
gence with a change of interference color from gray to higher order 
white, and changes the Z' vibration directions to positions at about 
85° with the twinning line. After dehydration such a section upon 
absorbing CO2 has its Z' vibration directions at about 110° to each 
other and has strong birefringence, the plate being nearly normal to 
an optic axis. Upon absorption of alcohol in place of water the bire¬ 
fringence decreases to zero and then increases again, while the Z' 
vibration directions finally reach angles of about 60° with the twinning 
line; upon absorption of chloroform the results are similar, but the 
angles are 30°; upon absorption of benzol the angles are 40°; 
with aniline they are 30°. 

Chabazite has been changed artificially to the pure Na com¬ 
pound and then changed back to the pure Ca compound; also to 
K-chabazite, Ba-chabazite, Ca-Mg-chabazite, Ag-chabazite, Tl-cha- 
bazite, Cu-chabazite, and NH4-chabazite, but optic data regarding 
these are lacking. 

Levynite from Glenarm has; ( —) 2V = o'’-3o‘’ and N, — Np = 
0.0075; dehydrated and then saturated with dry air it has: (-|-) 2E = 
85°-!20®, Np — Np = 0.0075, and Nm is much less than before; sat¬ 
urated with Hg it is bia.xial negative with N„ — Np = 0.030 and a = 
dark red brown to opaque, c = yellow. 

Thomsonite, heated until cloudy and then immersed in oil,®® is 
still orthorhombic with imchanged optic orientation, but decreased 
birefringence. In some cases much heating causes the optic plane to 
become normal to 001. 

Thomsonite has been changed artificially to K-thomsonite 

F. Rinne: N, Jakrh. Min.^ 1897, II, p. 28; Fortsch. Mineral., Ill, 1913, p. 178. 
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and Na-thomsonite, but optic data are lacking. At ordinary tem- 
peratiire the change is slow and incomplete. 

Scolecite, heated until cloudy and then immersed in oil,*® changes 
so that oio becomes loo and loo becomes oio. A crystal originally 
twinned on loo changes to a twin on the former oio which is now lOO. 
After heating the birefringence is about the same. X = b (the direc¬ 
tion that was normal to loo before heating) and Y Ac = ao^i. By 
further heating the mineral becomes orthorhombic with the optic 
plane parallel to ooi and X now normal to oio which is loo of the 
original mineral; in this condition the birefringence is very weak. 
Crystals do not easily revert to their former condition. 

Scolecite has been changed artificially to K-scolecite, Na-scole- 
cite, and NH4-scolecite. At ordinary temper¬ 
atures such changes are slower and less complete 
than in zeolites with more water. 

Scolecite loses one molecule of water (re¬ 
versibly) between i6o° and 200° C. and is 
converted into metascolecite which has the optic 
plane and X normal to 010 (= 100 of scolecite) 
with Z A c = 7 o°~ 75 °; it is optically negative 
with 2V = 65°, p < i>; no cleavage flakes have 
positive elongation and an optic axis is inclined 
about 20° to them. Scolecite loses the remain¬ 
ing two molecules of water between 335° and 
345° C. irreversibly; the anhydrous substance 
Fig. 306.—Optic orienta- has ZAc = 85'’-88®, (—) 2V = 65®, p < V, 

birefringence and higher refrin- 
gence with Nm *= 1.541. The crystal struc¬ 
ture breaks down at about 550® C. 

Mesolite is monoclinic and elongated parallel to 6; it loses 
half its water content (reversibly) at about 250® C. and the remainder 
at about 350® C. irreversibly; it is then called metamesolite and has 
its optic plane parallel to the elongation, while a negative bisectrix 
emerges slightly inclined to one of the cleavages. The crystal structure 
breaks down at about 670® C. 

Laomontite has been changed artificially to Na-laumontite and 
to K-lamnontite in several different ways, but optic data are lacking. 

A. Cavinato: Mem. Accad. Lined Ronuif II, 1927, p. 320; Min. Ahst.^ IV, 1930, 
p. 320. 

J. Lemberg: Zeit. Dtsch. Geol. Ges., XXXV, 1883, p, 613, and XXXVII, p. 984. 
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Leonhardite may be a laumontite changed in nature by replacement 
of two-thirds of its Ca by K and Na. It is optically similar to lau¬ 
montite, but precise data are lacking. It is stable even when heated. 

Gismondite upon heating becomes orthorhombic with (—) 2V == 
small, X = c, Ng — Np = weak. After dehydration crystals will 
take up mercury which causes little change of optic properties, but 
if they are then exposed to moisture the mercury changes its condition, 
the mineral darkens and becomes pleochroic with one direction gray, 
yellow or colorless and the other direction bluish black, like ink, or 
purple. 

Phillipsite, heated until cloudy and then immersed in oil,*® has the 
extinction angle (Z A c) in 010 changed from 19° to 9° with no other 
modification of the optic properties; in moist air the change is not 
reversed. By further heating the birefringence is decreased distinctly, 
X and Z exchange places, the extinction angle (X A c) changes to 17° 
in the acute angle the optic sign changes to negative and the optic 
angle changes to almost zero. 

Harmotome, originally having (-I-) 2V = 75°, after dehydration 
at 400° C. and cooling in a desiccator has; (—) 2E = 78°, optic plane 
010, lowered refringence, and Ng — Np = 0.026; upon rehydration 
the extinction angles change. Saturated with mercury vapor and 
then cooled the mineral can scarcely be distinguished from the dehy¬ 
drated condition, but if exposed to moisture the mercury changes its 
state, the mineral darkens and becomes pleochroic with a and c blue 
black or purple and b clear gray, yellow or colorless. 

Harmotome, heated until cloudy and then immersed in oil,*® 
has its optic plane changed in position, so that X A a = ±25°, and also 
has its birefringence much increased. It is said to be triclinic. 

Epistilbite, heated imtil cloudy and then immersed in oil,*® becomes 
orthorhombic with X = 6 and Y = a; in an intermediate condition 
the mineral must be uniaxial. Upon reabsorption of water the min¬ 
eral reverts to the original condition. 

Stilbite, heated until cloudy and then immersed in oil,®® becomes 
orthorhombic with 100 as the optic plane and Z — c, but this is 
accomplished only after a long series of changes, as follows: 

Stilbite “ with 6H2O ” (normal H2O tenor) is monoclinic with 
XAc = —5°, (—)2V = ±30“ in 010. By gradual loss of water the 
extinction angle and optic angle both decrease to 0° and the mineral 

Orientation of Tschermak (SUz, Akad, Wiss, Wien., CXXVI, 1Q17, p. 600) in which 
100 * Dana^s 001, 010 « Dana’s oio, loi « Dana’s loo, 001 Dana’s loi, etc. 
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is uniaxial negative with X = c at about 125° C. with about 5 H2O. 
By lurther loss of water on heating, X A c gradually increases to +5° 
and the optic angle becomes gradually larger in a plane normal to 010, 
passes 90° with change of sign and becomes 0° about Z (= 6) with 
X = c at about 150° C. with about 4H2O. By further loss of water 
on heating, Y (the direction formerly X) gradually moves from c to 
Y A c = 3°-7", the optic angle opens about Z (= 6) in a plane normal 
to 010, passes 90° with a second change of sign and becomes 0° about 
X (= a) at about 185° C. with about 3H2O. By further heating, Z 
(the direction formerly Y) moves toward c until Z A c = o®, the optic 
angle opens about X (which is in the obtuse angle ;8 at 83° to 87° with 
c) in 010, passes 90° with a third change of sign and becomes 0° about 
Z (= c). This is the fourth uniaxial condition; it occurs at about 
250° C. with about 2H2O. The mineral is now 
orthorhombic. With further heating, the bire¬ 
fringence gradually decreases; with about 1H2O at 
about 350® C. the mineral is still orthorhombic; with 
further heating, it becomes microscopically isotropic. 
All these changes can be produced by dehydration 
in H2SO4 without heating. After complete dehydra¬ 
tion the process is not reversible. 

Stilbite can be changed artificially®® by ex¬ 
change of bases into pure Ca-stilbite, Na-stilbite, 
Fig. 307.—Optic on- K-sti'.bite, NH4-stilbite, Ba-stilbite, Ag-stilbite, and 
entation of stilbite. Cu-stilbite. Precise optic data on these substances 
are lacking, but after immersion in KCl solution for 
24 hours at 180° C. stilbite has: = 1.483, Nm = 1.481, Np = 

1.478, N, — Np = 0.005, X A c = 6°; these data must apply to K- 
stilbite. Also NH4-stilbite is nearly isotropic and the extinction angle 
in 010 is nearly 0°. When silver replaces calcium in stilbite the 
birefringence decreases, but not as much as in the case of NH4. Na- 
stilbite is as strongly birefringent as the natural mineral. Cu-stilbite 
is bluish green. 

Heulandite “with 6H2O” (normal tenor of H2O) from Iceland 
has: (-1-) 2V «« moderate, Z =» X A a = +19® at 20® C.; accord¬ 
ing to Rinne it changes rapidly with increasing temperatme so as 
to become positive and uniaxial at 80® C. with about 5H2O; then X 
and Y change places, the optic angle (formerly in a plane nearly par¬ 
allel to 001) opening in a plane nearly parallel to 100, passing through 
90® with change of sign and becoming unuudal negative (with X » c) 


001 
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at about i8o“ C.; the extinction angle measured to a meanwhile grad¬ 
ually decreases, becoming o° at 150° C. “ with 4H2O ” so that the 
mineral is orthorhombic above 150° C. With further heating, the 
optic angle (formerly in a plane parallel to 100) 
opens in a plane parallel to 010 (Y and Z hav¬ 
ing changed places), passes 90° with a second 
change of sign and becomes uniaxial positive 
(with Z = a) at about 280° C. “ with 2H2O.” 

With further heating, the optic angle (for¬ 
merly in a plane parallel to 010) opens in a 
plane parallel to 001. Above 350° C. a second 
orthorhombic form exists with weaker bire¬ 
fringence. 

Heulandite from Iceland has: (-F) 2E = 

74° 38', Z = b and X A a = -F 2o°± at ordinary 
temperature; according to Slawson the 
uniaxial condition reported by Rinne and 
Des Cloizeaux'®^ is only apparent, the mineral 
being biaxial with Z — b at all temperatures. 

The mineral seems to be uniaxial in some cases 
because the optic plane rotates through the position of the black cross. 
The relation between temperature, optic angle and rotation of optic 
plane from the position at ordinary temperature is about as follows, 
as derived from Slawson’s curves: 


Temp. C. 

zE 

Rotation 

25° 

74" 

0° 

100° 

80° 

10° 

150® 

66° 

13° 

2 CX>® 

34 *^ 

45° 

250® 

61° 

96“ 

300° 

120° 

114“ 
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Fig. ^oS.—Optic orientation 
of CaAl2Si«0,6 sH20? 
(heulandite). 


These observations are in direct conflict with the data of Rinne, 
not only as to uniaxial condition, but in various other respects. 

Gaubert has studied the mineral further. He finds that the 
optic properties are influenced by three different factors, namely, 
“ optic anomalies ” (probably due to variations in composition), tem¬ 
perature, and tenor of water. Change in temperature from o® to 109® 
C. without change in tenor of water causes a rotation of the optic plane 

C. B. Slawson: Am. Mineral., X, 1925, p. 305. 

J/anMrf ie Mintralogie, I, 1862, p. 425. 

C. R. 187, 1928, p. TOS7. 
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with increase in the optic angle. Loss of water without change of 
temperature causes a decrease of the optic angle, the mineral becom¬ 
ing about uniaxial with a loss of i.8 per cent H2O (= iH20); with a 
loss of 2.2 per cent H2O the optic angle is about 20° in a plane normal 
to the original position; with a loss of 3 per cent H2O the optic angle 
is very large in the new plane. 

Heulandite at 230® C. has indices as follows: = 14747, 

Nm = 14733, Np = 14651, N, — Np = 0.0096. 

Heulandite on cooling to — 79® C. in liquid air suffers changes so 
that the optic angle decreases nearly to zero and the optic plane turns 
so as to become nearly parallel with 001. 

Heulandite can be changed artificially to K-heulandite, Ca- 
heulandite, NHi-heulandite, etc., but optic data are lacking. 

Heulandite heated in boiling glycerine 1°® and then plunged into 
methylene iodide has: G. = 2.19, (-f-) 2V = 46®, N, = 1-5078, 
Nm = 1.5015, Np = 1.5004, N, — Np = 0.0074. Heated in the same 
way and plimged into acetylene tetrabromide it has: G. = 2.16, 
Np = 1.5071, N„ = 1.5009, Np = 1.4994, Np - Np = 0.0077. 

13 . COMPOUNDS CONSISTING OF SILICATES WITH S.-VLTS OF OTHER 

ACIDS 

3CaAl2Si208’CaC03 has been made artificially by crystallizing 
glass of that composition in a steel bomb with a 10 per cent NaCl 
solution, but optic data are lacking. The natural substance, called 
meionite, is tetragonal. 

3NaAlSi04 • CaCOs is hexagonal prismatic. It forms a eutectic 
with CaCOa at 1190® C. and melts at 1253® C. under 65 kg. pressure. 
Uniaxial negative with No = 1.550, N« = 1.519, No — N« = 0.031. 
Colorless. The natural mineral known as cancrinite is probably 
closely related to this substance, and is probably stable only imder 
pressure. 

2Ca2Si04'CaCOa has two crystal phases.^® The high tempera¬ 
ture or a-phase is stable above 1200® C. xmder pressure of 90 atmos¬ 
pheres. It is orthorhombic with good 001 and 010 cleavages. Optic 

P, Gaubert: BidL Soc. Fr, Min,^ XXX, 1907, p. 104. 

Panichi: Mem, Accad. Lincei, IV, 1902, p. 389; Zeit, KrysLy XL, 1905, p. 86. 

E. Loewenstein: Zeit, anorg, Chem,y LXIII, 1909, p. 80. 

J 09 W. Eitel: N, Jakrb, Min,, 11 , 1922, p. 45. CaCOs may be replaced in part by 
NasCOs (or NaHCOs?); with Ca : Na ** i : i. No * 1.525, No * 1.505. W. Eitel: Die 
Feldspathvertretery 1925, p. 232. 

W. Eitel: N. Jahrb, Min. Beil. Bd, XLVIII, 1923, p. 63. 
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plane is loo. 2V = large. N, = 1.680, N« = ?, N, = 1.665, N, - 
N, ■= 0.015. Colorless. It forms a eutectic with CaCOa at 1172° C. 

The )3-phase is monoclinic (?) with distinct 001 and poor 100 cleav¬ 
ages at 79°. Optic data on the artificial substance are lacking. The 
natural substance, called spurrite, occurs in a contact zone; very rare. 

14 . SILICEOUS GLASSES 

The index of refraction of many glasses produced by c hillin g sub¬ 
stances of definite composition from the liquid state has been given in 
preceding pages in connection with the description of the crystal 
phases. However, no kind of commercial glass corresponds with 
any of these substances of definite composition, although such glass 
varies widely in composition. The refractive index and dispersion of 
glass are very important in connection with its use for optical pur¬ 
poses; they are definitely related to the composition of the glass, 
and these relationships are of special interest in the microscopic exam¬ 
ination of glass. 

Silica (SiOa) seems to be the characteristic, if not the essential, 
constituent of all commercial glasses, although in certain rare types it 
may be replaced partly or wholly by B2O3 or P2O5. The other con¬ 
stituents vary both in kind and in tenor in the various types of glass. 
For example, in ordinary “ crown ” glass (= ordinary window glass— 
type i), the other constituents are chiefly Na20, CaO, and K2O in 
variable proportions, m flint glass (also called strass—type 2) the other 
constituents are chiefly PbO, Na20, and K2O in variable proportions. 
Glasses of these two types have been known for many years; recently 
several other types of glass have been coming into use, including espe¬ 
cially: type 3, opal glass, containing the constituents of type i with 
also CaF2, Sn02 or P2O5; type 4, borosilicate crown glass containing 
the constituents of type i with also B2O3; t)q)e 5, barium glasses con¬ 
taining the constituents of either type i or type 2 with also BaO; 
type 6 (not yet in use) thallium flint glass containing chiefly Si02 
PbO, and TI2O with or without K2O. Many other types are known, 
including borate glasses, phosphate glasses, etc., but the types listed 
are the most important at present. 

While glass may be made of nearly any composition, commercial 
(including optical) glass is much more restricted in composition. In 
fact all kinds of flint glass are analogous chemically to a two-com- 

F. E. Wright; Optical Glass: U. $, Ord. Dept, Doc,y 2037, 1921. 
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ponent series varying from K2O *68102 to Pb0*Si02. Strangely 
enough, when any other oxide replaces an oxide in these two sub¬ 
stances, it must do so, not in equal molecular amount, but in equal 
tenor by weight. For example, when Na20 replaces K2O com¬ 
pletely, the composition of the first member of the series becomes 
approximately Na20-48102, because Na20 is only about two-thirds 
as heavy as K2O. Similarly, when CaO or BaO replaces PbO, weight 
equivalents are involved. Therefore, the composition of all kinds 


s3/<2. 



Fig. 309. —Composition of boro«silicate crown glasses (•), ordinary glasses (t?), barium 
crown glasses (O), flint glasses (X), and barium flint glasses (+); also the line con¬ 
necting K2O -65102 and PbO SiO-^. After F. E. Wright: Ord. Dept. Doc. 2031, 1921, 
p. 70. 

of commercial glass can be expressed approximately on a ternary dia¬ 
gram as shown in Fig. 309. The reasons why commercial glasses 
are of so limited a range in composition are to be found in the fact that 
mixtures richer in 8102 are very viscous and melt at such high tempera¬ 
tures that they can not be converted into glass in furnaces of the 
ordinary type, while mixtures richer in alkalies than those shown in the 
diagram produce glasses which are soft and hygroscopic, and those 
richer in lead oxide tend to crystallize easily. In other words all com- 
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mercial silicate glasses are of the compositions shown because those are 
the compositions which melt readily, are not hygroscopic and do not 
crystallize easily dxxring cooling. 

The diagram (Fig. 309) gives a summary of the composition of 
commercial glasses, but does not express all the facts. If the per¬ 
centage of silica exceeds 75 per cent, the melt is too viscous to be satis¬ 
factory in the furnace; if the alkalies exceed 20 per cent, the glass 
produced is soft, hygroscopic and chemically unstable, being more or 
less soluble in water. Accordingly, a minimum of about 5 per cent of 
lime (or RO) is needed to give a satisfactory melt and durable glass; 
other things being equal glass with both alkalies is more durable than 
glass with either alkali alone; if the lime exceeds 13 per cent the mix¬ 
ture fuses difficultly and the resultant glass crystallizes very easily; 
lead oxide may be used up to 80 per cent, but as the percentage of lead 
oxide increases, so also do the danger of crystallization on cooling, 
the danger of attack on the melting pot, the softness of the resultant 
glass and the depth of its (yellow) color. In the new types of glass 
barium oxide may be used up to about 50 per cent, but with important 
percentages of BaO it is desirable to use increasing amounts of B2O3 
and AI2O3; mixtures high in BaO attack the crucible seriously, espe¬ 
cially if any free silica is present in the clay. Boron oxide may be used 
up to about 20 per cent, but is not desirable in lead glasses. Zinc 
oxide in excess of about 12 per cent is apt to induce crystallization, 
though small amounts may aid in preventing crystallization. More 
than 5 per cent of alumina tends to make most glass melts exceed¬ 
ingly viscous, but alumina decreases the danger of crystallization and 
renders the glass tough and resistant; in dense barium glasses alumina 
even up to 10 per cent aids in preventing crystallization of barium 
disilicate and improves the working qualities of the melt and the glass. 

Various types of manufactured glass are, in general, so compli¬ 
cated in composition that it is very difficult to draw accurate conclu¬ 
sions regarding the relations between composition and physical prop¬ 
erties from analyses of such types accompanied by measures of physical 
data. Peddle adopted a different method of determining these 
relationships. He made many kinds of glass of varying, but simple, 
composition; in any one series the (ratio) composition was varied as 
to only one component: by measuring the indices of refraction and 
densities of the glasses thus made, he was able to reach important 
conclusions. He began with the simplest case: glasses of the com- 
Soc. Gats Tech., IV, 19*0, pp. 3-106, 285-348, 299-366. 
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position iooSi02-*Naa0, x varying from 20 to 100 molecules. He 
tested next the corresponding case: looSiOa-^KaO, x again varying 
from 20 to 100 molecules; in this case no large pieces of glass could be 
obtained and all the glasses were highly soluble in water—^physical 
data could not be measured on them, but were obtained in two cases 
by extrapolation from other series. The next test was on a series: 
iooSi02-2:/2Na20-a:/2K20, x varying as before; these glasses were 
intermediate in character between those of the Na20 and the K2O 
series, but not suitable for measurements of physical data; indices 
of refraction and density for two melts were obtained by extrapolation 
from other series. After this preliminary study. Peddle limited his 
attention to glasses having only two silica-alkali ratios; namely, 
iooSi02-4oNa20 or K2O and iooSi02 • 2oNa20 or K2O, and studied 
next the sis alkali calcium series: iooSi02-4oNa20-a:Ca0, iooSi02- 
2oNa20-xCaO, iooSi02-4oK20-2:CaO, iooSi02-2oK20-*Ca0, 
iooSi02 • 2oNa20 • 20K2O • xCaO, and iooSi02 • ioNa20 • 10K2O • xCaO, 
X varying from 5 to 40 molecules. He studied also four similar series 
of alkali lead glasses and six similar series of alkali barium glasses. 
Some of the most important of his results may be tabulated as 
follows 


SomuM Glasses— iooSi02*3cNa20 


Weight percentage 



SiO: 

NaiO 

AbOs+Fe-iGs Xx> 

1 

1 

N2>—I 

Sp. Gr. 

X 

1 

20 

83.00 

16.58 

0.42 1-4851 

.00790 

61.4 

2.353 

30 

76.64 

22.98 

0.38 1.4952 

.00835 

59-3 

2.413 

40 

71.20 

28.44 

0.36 I.5015 

.00875 

57.3 

2.457 

70 

58.68 

41.03 

0.29 1.5118 

.00962 

53-2 

2-535 

100 

49.91 

49.84 

0.25 1.5168 

.01017 

50.8 

2.560 



Potassium Glasses (by extrapolation)—iooSi02*a;K20 




Weight percentage 


Nd-i 



Si02 

K 2 O 

AUO^-FFeaO* Nd 

Nd-Nc 

Sp.Gr. 

X 

1 

Z 

1 

20 

76.00 

23.60 

0.40 1.4937 

.00809 

61.2 

2.388 

40 

61.27 

38.44 

0.29 1.5073 

.00888 

57.1 

2.465 


Sodium Potassium Glasses (by extrapolation) 

—looSiOa • x/2Na2 • X/ 2 K 2 O 

20 



_ 1.4892 

.00803 

60.9 

2.377 

40 



1.5044 

.00882 

57-15 

2.472 


Peddle’s analyses are all of the ''batch” composition; the composition of the 
resultant glass is slightly different on account of volatilization and pot attack; more 
accurate data are very scanty. 
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Wright has shown that the compositions of all commercial glasses 
correspond approximately with those derivable from a binary series 
from K20-6Si02 to Pb0*Si02. If the alkali is soda the series is 
Na20 • 4Si02 to PbO • Si02. The combination of both alkalies is better 
than either alone; therefore the series may be regarded as R2O • 5Si02 
to Pb0-Si02, R standing for both K and Na in approximately equal 
amounts. This ratio of i to 5 for alkalies to silica is exactly the same 
as Peddle’s iooSi02 to 20R2O. Accordingly, attention may be con¬ 
centrated on his results for this ratio. 

Sodium Calcium Glasses— iooSi02* 2oNa20-;cCaO 


Weight percentage 


X 

SiOi 

NaaO 

CaO 

•fFejO, 

Nc 

Nd 

Nf 


N/>~i 

—Nc Sp.Gr. 

5 

79.90 

15-97 

3-73 

0.40 

1-49455 

1.4970 

1.50270 

.00815 

61.98 

2.412 

10 

77 03 

IS 39 

7.19 

0-39 

1.50628 

1.5088 

1.51469 

.00841 

60.50 

2.458 

15 

74-37 

14-85 

10.41 

0.37 

1.51662 

1.5192 

r.52527 

.00865 

60.03 

2.499 

20 

71,86 

14-36 

13 42 

0.36 

1.52526 

1 5279 

I 534 U 

.00888 

59-44 

2.537 

30 

67.36 

13-44 

18.86 

0.34 

1.54074 

I - 5435 

1.55008 

.00934 

58.20 

2.6oj 

40 

63 37 

12.67 

23-65 

0.31 

I 54443 

1-5573 

I 56423 

.00980 

56.87 

2.659 


Potassium Caixtum (Classes— iooSi02-2oK20-:rCaO 

Weight Percentage 

AI2O3 Sp. 


X 

SiOj 

K-^O CaO -fFeaOa Nc Njd 

Np Nf —Nc 

Ne-Nc 

Gr. 

5 

73.21 

23.01 3.42 0.36 1.49862 I.501I 

I.50690 

.00828 

60.5 

2.420 

10 

70.79 

22.75 6.61 0.35 1.50557 1.5081 

1.51403 

.00846 

60.1 

2.450 

15 

68.53 

21.54 9.59 0.34 I.51252 1.5151 

1.52117 

.00865 

59-6 

2.478 

20 

66.40 

20.87 12.40 0.33 1.51968 1.5223 

1.52851 

.00883 

59-2 

2.505 

30 

62.53 

19.65 17.51 0.31 1.53278 1.5355 

1.54200 

.00922 

58.1 

2-555 

40 

59.08 

18.57 22.06 0,29 1.54629 I.5491 

1.55587 

.00958 

57.3 

2.601 


Sodium Potassium Calcium Glasses— iooSi02-ioNa20*ioK-j0-2:Ca0 




Weight Percentage 







AI2O3 



Nd-i 

Sp. 

X 

Si02 

NaaO K 2 O CaO +Fe 203 Nc Nd 

Nf Nf'-Nc 

Nf~Nc 

Gr. 

5 

76.21 

7.87 11.98 3.56 0.38 1.49673 1.4992 

1.50496 

.00823 

60.65 

2.41S 

10 

73 59 

7.60 ir.56 6.88 0.37 1.50608 1.5086 

1-51451 

-00843 

60.33 

2.450 

15 

7115 

7.35 11.18 9.96 0.36 1.51512 1.5177 

1-52377 

.00865 

59-83 

2.48s 

20 

68.88 

7.12 10.81 12.85 0-34 1.52267 1.5253 

1-53151 

.00884 

59-42 

2.523 

30 

64.71 

6,69 10.17 18.II 0.32 1.53736 I.5401 

I - 54664 

.00928 

58,20 

2.58s 

40 

61.02 

6.31 9.59 22.78 0.30 1,54997 1.5528 

1.55963 

.00966 

57-22 

2.626 





332 ARTIFICIAL INORGANIC SOLID SUBSTANCES 

Sodium Lead Glasses— iooSi02-2oNa20 jePbO 


Weight percentage 






AlaOs 




Nd—i 

Sp. 

X 

Si02 

Na»0 

PbO 

“f-FeaOa Nc 

.Nd 

Nf 

Nf—N c 

Njf-Nc 

Gr. 

5 

71.91 

14-38 

13-35 

0-36 1.51571 

1.5186 

1.52561 

.00990 

52-38 

2.628 

10 

63 44 

12.69 

23 55 

0.32 1.54135 

1-3448 

1.55326 

.01191 

45-74 

2.911 

15 

56.76 

II 35 

31.61 

0.28 1.56520 

1.5O91 

1-57871 

-01351 

42.12 

3.152 

20 

51 -34 

10.27 

38 14 

0.25 1.58869 

1 - 393 ° 

I .60365 

.01496 

39-64 

3-368 

30 

43*12 

8.62 

48.04 

0.22 1.62215 

I .6272 

1.63982 

.01767 

35 50 

3 390 

40 

3717 

7-43 

55 21 

0.19 1.65147 

1.6571 

1.67131 

.01984 

33 12 

3-940 




Potassium Lead Glasses —iooSi02* 2oK20*a;PbO 




Weight percentage 










AI2O3 




Nd~i 

Sp. 

X 

Si02 

K 2 O 

PbO 

-f-FeaOa Nc 

Nd 

Nf 

Np—Nc Nf—N c 

Gr. 

5 

66.55 

20.81 

12.31 

0-33 I-51710 

I. 5201 

1-52739 

.01029 

50.53 

2.616 

10 

59 25 

18.52 

21.94 

0.20 1.54452 

1.5480 

1-55652 

.01200 

45-67 

2.849 

15 

53-40 

16.69 

29.65 

0.26 1.56674 

1.5707 

1.58046 

-01372 

41.59 

3.089 

20 

48.60 

15.20 

35-97 

0.23 1.58974 

I 5941 

1.60488 

.01514 

39-24 

3.290 

30 

41.18 

12.88 

45 • 74 

0,20 1.62339 

1.6284 

1.64123 

.01794 

3503 

3.640 

40 

35-74 

II . 18 

52.91 

0.17 I 65375 

1.6596 

1.67397 

.02022 

32.62 

3-942 


Sodium Barium Glasses^*— icx^SiOe* 2oNa20-2:Ba0 

Weight percentage 

AI 2 O 3 ii£ZJL 


,v 

SiOa 

NaaO 

HaO +Fe203 Xc 

Nd 

Nf 

Nf-^Nc Nf—Nc 

Sp.Gr. 

5 

74-7 

15 4 

9 5 

0.4 

(1.5OII9) 

(1.5037) 

(1.50961) 

(.00842) 

(59-8) 

(2-557) 

10 

68.2 

14.1 

17 4 

03 

I .51757 

1.5202 

1.52642 

.00S95 

58.8 

2.708 

15 

62.7 

13-0 

24.0 

03 

1-53297 

1-5357 

1.54218 

.00921 

58.2 

2-853 

20 

58-1 

12.0 

29.7 

0.2 

I•54546 

I 5483 

1-55503 

•00957 

57-3 

2-987 

30 

50.6 

10.4 

48.8 

0.2 

I.56680 

1.5698 

1.57695 

.01015 

36.1 

3-203 

40 

44 8 

9-2 

00 

0.2 

I 58633 

1-5895 

I.59602 

.01067 

55-3 

3-407 


Potassium Barium Glasses— iooSi02* 2oK20*ArBa0 

Weight percentage 

AI2O, Nj-t sp. 


X 

SiO .2 

K .>0 

BaO -f-FcaOa 

Nc 

Nd 

Nf 

Nf—N c Nf-Nc Gr, 

5 

69.1 

21.7 

8.8 

0.4 

1-30549 

I.5080 

1-51673 

.00844 

60.2 

2.56s 

10 

63.5 

20.0 

16.2 

0.3 

1.51768 

1.5203 

1.52622 

.00884 

58.8 

3.681 

15 

s 8-8 

18.4 

22.5 

0.3 

1.52897 

I.5317 

1-53819 

.00922 

57 7 

3.798 

20 

54-6 

17.2 

27.9 

03 

1-34085 

I .5437 

1-53047 

.00962 

56.5 

2.922 

30 

47-9 

151 

36 8 

0.2 

1.56219 

1-5632 

1-57239 

.01020 

55-4 

3.143 

40 

42-7 

13-4 

43-7 

0. 2 

1.58064 

15838 

1 59135 

.01071 

54-5 

3.308 


The results on the glass in this series with sBaO were obtained by extrapolation. 
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Sodium Potassium Barium Glasses— iooSi02‘ioNa80*ioK20*a;BaO 


Weight percentage 

AI2O3 

X SiOj Na20 K2O BaO “l“Fe203 


5 

71.8 

7-4 

II 

3 

9.2 

03 

I S0333 

10 

65.8 

6.8 

10 

3 

16.8 

03 

1.51729 

IS 

60.6 

6.3 

9 

5 

23 3 

03 

I 53146 

20 

56.2 

5.8 

8 

9 

28.8 

0.3 

154476 

30 

49.2 

51 

7 

7 

37.7 

0-3 

I.56640 

40 

43-7 

4-5 

6, 

9 

44-7 

0.2 

1.58494 


Nd~i Sp. 


Nd 

Nf 

Nf^Nc N/^—Nc Gr. 

1.5058 

1 51165 

.00832 

60.8 

2.562 

1-5199 

1.52609 

.00880 

59 I 

2.695 

I 5342 

1.54067 

.00921 

58.0 

2.821 

1-5476 

1 •55437 

.00961 

570 

2.951 

1-5694 

1-57657 

.01017 

56.0 

3175 

1.5881 

I 59567 

.01073 

54-8 

3-349 


As silica seems to be the characteristic constituent of nearly all 
glasses Bannister^ has devised a method of distinguishing between the 
various kinds of glass (by means of their physical characters) which 
is based on the way in which they differ from silica in their charac¬ 
ters. The index of refraction of Si02 glass is taken as 1.46 and its 
density as 2.21. The chief types of commercial glasses may be iden¬ 
tified by their position on a diagram which has the index of refraction 
as one coordinate and the ratio between N — 146 and G — 2.21 as the 
other coordinate. A modification of Bannister^s diagram is shown in 
Fig. 310. The separation of the lead and calcium glasses is very dis¬ 
tinct, but calcium glasses grade into borosilicate glasses and barium 
glasses overlap lead glasses considerably. These conditions are nat¬ 
ural since there are so many variables in glass. Opal glasses are quite 
distinct. Natural glasses including obsidians and basalt glasses are 
also shown. The data include several glasses used as imitation gem 
stones. 


Data for Figures 310 and 311 


Borosilicate Glasses; 

1. Imitation gem stone, Bannister’s No. 14 in Mineral. Mag., XXII, 1929, p. 136. No 

analysis, Nd = 1.500, G. = 2.36. 

2. Borosilicate crown glass, Wright’s No. 12 in Jour. Am. Ceram. 5 oc., Ill, 1920, p. 783, 

and also in Ord. Dept. U. S. Doc. 2037, 1921. Si02 = 72.0, B2O3 = 12.0, 
Na20 « ii.o, ALOs * 5.0, Nd = 1.4997; v = 64.7; G. = 2.37. 

3. Borosilicate crown glass, Morey’s No. 5 in Intern. Crit. Tables^ II, 1927, p. 87. 

Si02 = 59 * 5 » B2O8 - 21.5, K2O *= 14.4, CaO ~ 0.3, AI2O3 =* 1.9, ZnO = 2.3, 
AS2O6 = o.i. Nc « i.49S73»N2) = 1.4980, N^ * 150336, v = 65.3, G. = 2.40. 

4. Borosilicate crown glass, Wright’s No. 15, op. cit. Si02 = 70.6, B2OJ ~ 6.0, 

AlaOs « i.o, AS2O8 0.3, Mn20««o.i, KaO^io.s, Na20 = 11.5. Nc * 1.50446, 
Nd « 1.5069, Nf » 1.51259, V 62.3, G. » 2.48. 


Mineral. Mag.^ XXII, 1929, p. 136. 
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Calcium Glasses: 

5. Hard crown glass, Morey’s No. 27, op, cit, SiOj » 69.6, CaO ~ n.5, K2O = 1.84, 

ALOs = o.3,As 208 = 0.2. Ne - 1.51496, Nd - i.Si7S»Nj!* = 1.52352, i/ = 6o.5, 
G. = 2.49. 

6. Imitation gem stone, Bannister No. 10, op, cit. No analysis. Nd = 1.538. 

G. - 2.57. 



7. Imitation gem stone, Bannister, No. 8, op, cit. No analysis. Nd =* 1.532, 

G. = 2.56. 

8. Imitationgemstone, Bannister, No. 12, No analysis. Nd= 1.532, G.= 2.60. 

9. Ordinary crown glass, Wright’s No. op. cit. Si02 * 74.6, AS2O2 *= 0.3, Mn20i«o.i, 

CaO =» 5.0, K2O «= n.o, Na20 » 9,0. Nd ® i.5oS5» v »= 60.2, G, »« 2.5. 
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Intermediate and Special Types: 

10. Beryllium glass, Lai and Silverman’s No. B3, in Jour. Atner. Ceram, Soc., XL, 1928, 

p. 535: Si02 =* 73 391 BeO =» 7.64, NasO — 18,96. (« Na20*Be0*4Si02.) 
Ni> * i*Si 93 » G. = 2.45. 

11. Imitation gem stone, Bannister’s No. 18, op. ril. No analysis, but considered to be 

an iron calcium glass. Nd = 1.577. G. = 2.68. 

12. Imitation gem stone, opal-white, Bannister’s No. 24, op. cit. No analysis. 

Nx> = 1.450, G. = 2.15. 

13. Barium borosilicate crown glass, Morey’s No. 18, op. cit. Si02 = 67.1, B20 .t = 7.2, 

AI2O3 = 0.3, As 2C)6 = o.i, CaO == 2.0, BaO = 7.2, K2O — 16.2. Nr = 1.51358, 
Nzj = 1.5160, Nf = 1.52167, V = 63.8, G. = 2.54. 

14. Zinc crown glass, Morey’s No. 16, op. cit. SiOo = 69.7, AI2O3 “ 0,3, AS2O5 ~ 0.4, 

CaO = 0.4, ZnO = 16.5, K2O == 1.7, Na20 = ii.o. Nr — i.51225, N/) = 1.5149, 
Nf = 1.52115, V = 57.9. G. = 2.62. 

15. Imitation gem stone, opal white, Bannister’s No. 26, op. cit. No analysis. 

Nd = 1.457, G. = 2.17. 

16. Imitation gem stone, dark brown, Bannister’s No. 22, op. cit. No analysis, but 

considered to be colored by iron and titanium. N/) = 1.488, G. = 2.52. 

Lead Glasses: 

17. Flint glass, Wright’s No. 47, op. cit. SiOi = 68.7, Mn203 = o.r, AS2O.3 — 0.2, 

PbO — 13.3, ZnO = 2.0, Na20 = 15.7. Nr = r.51721, N/> — 1.5202, Nf = 

1.52747, == 57.6, G. ^ 2.7. 

18. Flint glass, Wright’s No. 53, op. cit. SiOa = 59.3, As20;i = 0.26, PbO = 27.5, 

K2O - 8.0, Na20 = 5.0. Nr = 1.54904, Ni> - 1.5537, Nf = 1.56097, *^=45-o, 

G. = 2.9. 

19. Flint glass, Morey’s No. 48, op. cit. SiOs = 60.6, AI2O3 = 0.3, As20ft = o.i, 

CaO == 0.3, BaO = 2.5, PbO - 22.5, K2O = 13.9. Nr = 1.54562, N/> = i.S49i> 
Nf = 1.55768, // = 45.5, G. ^ 2.95. 

20. Flint glass, Morey’s No. 55, op. cit. Si02 == 55.9, .VI2O3 = 0.2, AS2O5 = 0.1, 

CaO == 0.3, PbO == 32 .q,K 20 = ii.i.Nr = i. 55045 ^ N/> = 15632, Nf= 1.57257, 
p = 42.9, G. = 3.07. 

21. Flint glass, Wright’s No. 56, op. cit. SiO-i = 53.7, Mn203 = 0.1, As/L = 0.3, 

PbO - 36.6, Na20 - i.o, KaO = 8,3. Nr = 1.57122, Nn == 1.5752, Nf = 

1.58507, y = 41 o, G. = 3.22. 

22. Imitation gem stone, red. Bannister’s No. 7, op. cit. .No analvsi.*;. N/> = 1.585. 

G. = 3.18. 

23. Imitation gem stone, green. Bannister’s No. 6, op. cit. No analysis. Nz> = 1.606, 

G. = 3.42. 

24. Flint glass, Morey’s No. 92, op. cit, SiOa = 48.0, AI2O3 = 0.2, AsaOs — 0.1, 

PbO = 45.1, CaO = 0.3, Na20 = 5.2, K2O = 1.2, Nr = r.60867, N/j = r.6134, 
Nf = 1.62529, p = 36.9, G, = 3.55. 

25. Imitation gem stone, yellow. Bannister’s No. 5, op. cit. No analysis, N/) = 1630, 

G. » 3 * 53 . 

26. Imitation gem stone, yellow. Bannister’s No. 4, op. cit. No analysis, N/) = 1.640, 

G. =» 3.70. 

27. Flint glass, Morey’s No. loi, op. cit. Si02 * 40.6, AI2O3 = 0.2, AS2O6 ~ 0.1, 

CaO » 0.2, PbO *» 51.5, K2O = 7-5, Nc = 1.64149, N/> = 1.6469, Nf =1.66066, 
• - 33 - 7 . G. = 3.87. 

28. Imitation gem stone, puiple. Bannister’s No. 3, op. cit. No analysis. N/, = 

1.654. G. » 3.79. 
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29. Imitation gem stone, yellow. Bannister's No. 2, op. cit. No anal)rsis. Nd ^ 

1.662, G. = 3.97. 

30. Flint glass. Wright’s No. 78, op. cit. SiOz = 38.0, AS2O3 = 0.2, PbO = 56.8, 

K2O = 5.0. Nc == 1.67413, Ni) = 1.6801, Nf - 1.69517, V = 31.7, G. = 4.1. 

31. Flint glass. Wright’s No. 80, op. cit. Si02 = 33.7, AS2O3 = 0.3, PbO = 62.0, 

K2O = 4.0, Nc = 1.7105s, Ni> = 1.7174, Nf’ = 1.73489, V = 29.5, G. = 4.49. 

32. Flint glass, Wright’s No. 82, op. cil. SiO^ = 28.4, .\s./).i — 0.1, PbO == 69.0, 

K .>0 = 2.5, N> = 1.74941. N/) = 1.7541, = 1.77384. = 27.5, G. = 4.78. 

33. Flint glass, Wright's No. 83, op. cit. SiO-jt = 27.3, .Vs-.-Oa = 0.1, PbO = 71.0, 

K.‘»0 = 1.5, N(r ~ 1.76999, N/) = 1.7782, N/;. 1.79940, p — 26.5, G. = 4.99. 

33(/. Flint glass, Weight’s No. 84, op. cit. Si02 = 22.0, IM>() — 78.0, Nr = 1.87938, 
Nd = 1.8904, Nf == 1.91935, V == 22.3, G. = 5.83. 

33/), Flint glass, Wright’s No. 87, op. cit. SiO-, = 18.0, PbO == 82.0, Nc = 1.94925, 
N/) = 1.0626, N = 1.99807, V — 19.7, G. = 6.33. 

Barium Glasses: 

34. Barium crown glass, Morey's No. 4*3, r/V. SiO-, = 57.i,B»0.3 = 1.8, AI2O.3 = 0.2, 

As.> 0 & = o.i, CaO = 0.3, BaO = 26.9, NaaO — 13.7, Nr = 1.53802, Nd~ 1.5409, 
Nf = 1.54712, V = 59.4, G. === 2.00. 

35. Barium flint glass. Wright’s No. 89, r/ 7 . Siih — 56.2, AS2O3 = 0.3, PbO = 7.0, 

ZnO = 9.0, BaO = 15.0, K2O = ii.o, Na20 = 1.5, Nr = 1.54694, N/> = 1.5500, 
NV = 1.55736, p = 53.3. G. = 3.0. 

36. Barium flint glass. Wright’s No. 95, r/V. SiO^ = 5r.2, .Vs-ZL — 0.3, PbO =4.0, 

ZnO = 14.0, BaO = 20.0, K2O = 5.0, NasO = 5.5, NV* = 1.56607, N/> = 1.5692, 
.\f = 1.57679, = 52.9, G. = 3.12. 

37. Barium crown glass. Wright’s No, 40, op. cit. S'lOz = 37.5, B2O3 = 15.0, AI2O3 = 

5.0, AS2O3 = 1.5, BaO = 41.0, Nr == 1.58703, Nd = 1.5899, Nf = 1.59673, 
p = 60.8, G. = 3.32. 

38. Barium crown glass. Wright’s No. 45, op. cit. SiO-, = 31.0, B2O3 ~ 12.0, 

-M2O3 = 8.0, AS2O3 ~ i.o, BaO = 48.0, Nr — 1.60673, N/> = T.6098, Nf = 

T.61710, p == 58.8, G. = 3.54. 

30. Barium flint glass. Wright’s No. 102, op. cit. SiOo = 42.8, AS2O3 = 0.5, PbO ~ 
32.6, ZnO = 5.1, BaO = 10.8, K2O = 7.5, Na^O = 0.7. Nr — 1.62233, Np = 
1.6269, Nf = 1.63832, p = 39.1, G. == 3.70. 

40. Barium flint glass. Morey’s No, 104, op. cit. SiO-i = 36.6, AI2O3 = 0.2, Sb203 = 

0.6, AS2O6 = 0.2, CaO = 0.2, BaO = 13.6, ZnO = 4.7, PbO = 39.2, Nc * 

1.66207, N/> = 1.6683, Nf = 1.68173, V = 35.6, G. = 3.98. 


Thallium Glasses: 

41. Thallium glass, Bannister’s No. 3,0^. « 7 . p. 152, SiOe = 36.99, PbO = 18.06, K20 = 
37.49, TI2O = 7.46. Nc *= 1.581, Nd = 1.586, Nf == 1.599, V =* 32.5, G. * 3.12. 

42. Thallium glass, Bannister’s No. 2, op. cit., p. 152. Si02 = 38.45, PbO = 18.81, 

K2O = 12.63, TI2O == 29.38, Nc = 1.650, N/) == 1.657, Nf == 1.673, V « 28.6, 

G. = 3.7s, 

43. Thallium glass, Bannister’s No. i, op. cit.., p. 152. Si02 = 27.17, PbO = 23.98, 

K2O = 12.07, TI2O = 36.36. Nc = 1.736, N/) = 1.744, Nf = 1.766, V *= 24.8, 

G. « 4.42. 

44. Thallium glass, Bannister’s No. 4, op. cit., p. 152. Si02 = 20.83, PbO *= 24.82, 

K2O =* 0.00, TI2O * 55.01, Nc « 1.9276, Nd « 1.943I1 Nf * 1.9808, v * 17.7, 
G. *» 6.03. 
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Natural Rock Glasses: 

A. Rhyolite obsidian, Yellowstone Park, C. E. Tilley, Mineral. Mag ., XIX, 1922, 

p. 275, Nd = 1.482, G. = 2.353. 

B. Rhyolite obsidian, Clifton, Ariz., B. Jezek; Zcil. Kryst., LIII, 1913, p. 82, Nc = 

1.4850, Nd « 1.487I1 Nf =* 1.495b, y * 46.0, G. “ 2.355. Nc and Nf by 

graphic solution from N for Li, Na and Tl. 

C. Rhyolite obsidian, Easter Island, Pacific, C. E. Tilley, op. cil., Nd = 1.490, 

G. = 2.400. 

D. Rhyolite obsidian, Greenland, B. Jezek, op. cit. Nc = 1.4039, Nd = i.49S6, 

N/r = 1.5002, V = 67.0, G. = 2.413. 

Ya. Rhyolite obsidian. Real del Monte, Mexico, B. Jezek, op. cit. Nc = 1.4889, 

Nd - 1.4912, N/i» = 1.4970, V = 60.6, G. = 2.413. 

F. Rhyolite obsidian, Papayan, Columbia, B. Jezek, op. cit. Nc = 1.4830, Nd = 

1.4852, Nf = 1.4925, y = 51.1, G. = 2.352. 

G. Rhyolite obsidian, Lipari Island, C. E. Tilley, op. cit. Nd = 1.490, G. = 2.363. 

H. Rhyolite obsidian, Guamani, Ecuador, B. Jezek, op. cit. Nc = 1.4840, Nd = 

1.4863, Nf = 1.4941, y = 48.1, G. = 2.336. 

J. Trachyte obsidian, Pantelleria, C. E. Tilley, op. cit. Nd = 1508, G. = 2.454, 

K. Trachyte obsidian, Ascension, C. E. Tilley, op. cit. Nd = 1.506, G. = 2.435. 

I. ,. Trachyte obsidian, Teneriffe, C. E. Tilley, op. cit. Nd = 1512, G. = 2.467. 

M. Basalt glass, Gallanach, Muck Island, C. E. Tilley, op. cit. Nd = 1583, G.= 2.704. 

N. Basalt glass, Portree, Skye, C. E. Tilley, op. cit. Nd = 1.576, G. == 2.716. 

P. Basalt glass, Vesuvius (1805), C. E. Tilley, op. cit. Nd = 1.586, G. == 2.769. 

R. Basalt glass, Kau desert, Kilauca, C. E. Tilley, op. cit. Nd = 1.603, G. = 2.841. 

S. Basalt glass, Caisteal, Muck Isl., C. E. Tilley, op. cit. Nd = 1.598, G. = 2.773. 

T. Basalt glass. Reunion Island, C. E. Tilley, op. cit. Nd = 1.608, G. == 2.825. 

V. Basalt glass, Kildonan, Eigg Isl., C. E. Tilley, op. cit. Nd = 1.649, G. = 3.003. 

Wright has shown that glasses are well characterized by their 
refractive index and dispersion. They are equally well characterized 
by the refractive index and the more familiar reciprocal of the dis¬ 
persion, which is called v and equals These values are the 

Nf — Nc 

coordinates used in Fig. 311, which shows that the lead glasses fall 
along a remarkably smooth curve, the calcium glasses fall close together 
and the borosilicate glasses form another small group, while the barium 
glasses scatter over a large area; the thallium glasses, recently made 
by Bannister,^^^ fall along a curve nearly parallel with that of the 
lead glasses. Natural acid volcanic glasses or obsidians vary in dis¬ 
persion much more than in refractive index, which is low. Basalt 
glasses have a refractive index ranging from about 1.58 to about 1.67, 
but their dispersion is apparently unknown. It should be understood 
that there are all gradations between the various artificial types of 
glass, and also between obsidians and basalt glasses. Wright and 
Peddle have both worked out diagrams and tables from which the 

E*. Wright: Optical Glass: U.S.Ord. Dept. Doc. 2037, 1921, and Jour. Am. 
Ceram. Soc., Ill, 1920, p. 783. 
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batch composition necessary to give certain physical properties of 
glass may be derived. 



Fig. $ 11 ,—Relations between refractive index and dispersion as measured by 
Nc- 1 ,_. ._. 


N, - Ne 


in some artificial glasses and obsidians. 


It is reported that glass for bottles will soon be manufactured in 
Canada from feldspar such glass is said to be tougher than ordinary 
S. Spence: Min, Metal, XI, 1930, p. 103. 
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bottle glass; high purity of the crude feldspar is said to be unnecessary. 
If pure plagioclase feldspar were used the glass would have the follow¬ 
ing optical properties: 

Per Cent Per Cent 


Albite 

Anorthite 

Nc 

Nd 

Nf 

V 

(i. 

100.0 

0.0 

I .4870 

I.4890 

1-4957 

56.2 

2.382 

bSil 

34 63 

1-5141 

I.5166 

1.5231 

57.4 

2.483 

48 55 

57-45 

1.5282 

I 5307 

I 5375 

58-3 

2 .533 

32 OS 

67-95 

I 5427 

I 5452 

1.5520 

58.6 

2.597 

15-87 

84.13 

I- 5 S 7 I 

1.5600 

1.5665 

59 6 

2.648 

0.0 

100.0 

1-5725 

1-5755 

1.5828 

60.6 

2.700 

»» E. S. 

Larsen: Am. Jour. Sci, 

XXVI 11 , 1Q09, p. 

263; Nr, Nf (and y) 

by graphic 

solution from indices for lithium, sodium and thallium light given by Larsen. 






Part III 


DETERMINATIVE TABLES 




Part III 


DETERMINATIVE TABLES 

DETERMINATIVE TABLES FOR THE IDENTIFICATION 

OF ARTIFICIAL INORGANIC SOLID SUBSTANCES 
BY MICROSCOPIC METHODS 

Introductory Statement 

The following tables include only those artificial inorganic solid 
substances included in the preceding descriptive text; indeed some of 
those described are not included in the tables. Those omitted include 
all glasses of indefinite composition and the zeolites (and a few others) 
which are included in the descriptive text, not because the artificial 
products have been measured optically, but as a basis of comparison 
with artificial products made from them. 

In the tables artificial inorganic solid substances are first divided 
into two classes, namely, isotropic and anisotropic. The first table 
includes all isotropic artificial inorganic solid substances of definite 
composition, whose refractive indices have been measured, and they 
are arranged in the order of increasing index of refraction. Sub¬ 
stances which vary in index of refraction are shown to vary by a line 
along the right margin of the index column from the minimum value 
to the maximum value; the second column shows the dispersion in 
ordinary t3rpe for Nj? — Nc or in smaller type for Nw — Nu; the 
third column gives the chemical formula of the substance; the fourth 
column gives the number of distinct cleavage directions and the Miller 
symbols for the form to whose faces the cleavage directions are par¬ 
allel; the next two colunms give characters which may be useful in 
microscopic study and the last colimm gives the page in this book on 
which the substance is described. 

The second table includes all anisotropic artificial inorganic solid 
substances whose optic properties have been measured; they are 
arranged in the order of increasing index of refraction (N« or N«). 
It should be noted that No is used for uniaxial crystals because every 

343 



344 


DETERMINATIVE TABLES 


grain of whatever orientation will give this index at one position, or 
the other, of extinction; the index Nm is used for biaxial crystals 
because every grain of whatever orientation will give two indices 
of refraction, one of which must be equal to, or less than, Nm, while the 
other must be equal to, or greater than, Nm- Therefore, with a biaxial 
crystal, by measuring the indices of several grains or crystals at both 
positions of extinction a table can be prepared which will give the 
approximate value of Nm. For example, if the table reads as follows: 


Grains 

Number 

Index of Refraction 

Larger Value 

Smaller Value 

I 

. 

1-654 

1.618 

2 

1.632 

I 620 

3 

1.666 

1.625 

4 

1.626 

1.612 


The value of Nm cannot be less than 1.625 nor more than 1.626 and 
greater accuracy is not always necessary. Furthermore, any grain 
which is so oriented as to give the lowest interference color for the given 
crystal is nearly or quite normal to an optic axis and will therefore 
give two indices of refraction which are nearly or quite equal to each 
other and to N®. 

Positive and negative crystals can be picked out quickly by the 
fact that the index (No or Nm) is set at the left margin for optically 
positive crystals and indented two spaces to the right for optically 
negative substances; a few substances of unknown optic sign have the 
index at an intermediate position. 

If a given substance varies in index of refraction for any reason 
the range of variation is shown by means of a vertical line at the right 
hand side of the first column. 

The second column of Table II gives the dispersion of each sub¬ 
stance (if known), in ordinary type for the value F—C and in smaller 
type for the value Tl—Li, for N* or Nm. 

The third and fourth columns of Table 11 give the maximum and 
minimum indices of refraction (or the birefringence, if these have not 
been measured); the fifth column gives the value of the true optic 
axial angle of the substance and the next column gives the chemical 
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fonnula of each substance. The other columns of Table II give the 
physical characters which may jpe useful in microscopic study of 
crystals and the last column gives the page in this book on which the 
substance is described. 

The double variation method is recommended for measuring indices 
of refraction. For the explanation of abbreviations used in the tables 
see the list of abbreviations on page xvi. 
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The determinative tables are not included in the index since any substance is easily found in them by 
means of its index of refract'on (N, or N,,). 
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Ay 

Abnormal interference colors, 92 
Absorption, 83, iig 
Acicular crystals, 24 2() 

Acmite, 315 

Actinolitc, 301, 302 

Adjustment for universal staj^e, 144 

Adjustment of microscope, 99 

Adularia, 313 

Ae^irite, 315 

.\gAsS2, 159 

AgBr, 161 

AgBrOa, 205 

AgCl, 161 

AgCN, 164 

Ag2C03 -4NH3 H20, 200 

Aggregates of crystals, 28-33 

AgaHPO^, 269 

Agl, 164 

AgNOs, 210 

Ag2S20c-2H20, 265 

Akermanite, 285 

Akermanite-gehlenite series, 285 

Albite, 311,312 

Albite twin, 31 

A18B06, 214 

AI 4 C 8 , 155 

AlCls-bHjO, 172 

AI2O8, 188 

Alpha (a), 23 

AleSiaOij, 304 

Alum, 259 

Alum group, 258-261 
Alumina, 188 . 

Alumina-silica hydrogels, 304 
Aluminates, 194 
Aluminum borate, 214 
Aluminum carbide, 155 


Aluminum chloride, hydrated, 172 
Aluminum oxide, 188 
Aluminum oxide, hydrated, 190 
Aluminum silicate, 304 
*Vlumosilicates, 280 
Ammonium acid arsenate, 269 
Ammonium acid carbonate, 198 
Ammonium acid phosphate, 268 
Ammonium acid sulphate, 219 
Ammonium aluminum sulphate, hydrated, 

259 

Ammonium bicarbonate, 198 
Ammonium bisulphate, 219 
Ammonium borate, hydrated, 213 
Ammonium bromide, 164 
Ammonium cadmium chloride, 173 
Ammonium cadmium selenate, hydrated, 
252 

Ammonium cadmium sulphate, hydrated, 

243 

Ammonium chloride, 1O4 

Ammonium chromium sulphate, hydrated, 

260 

Ammonium cobalt selenate, hydrated, 255 
Ammonium cobalt sulphate, hydrated, 247 
Ammonium copper chloride, hydrated, 1 74 
Ammonium copper selenate, hydrated, 254 
Ammonium copper sulphate, hydrated, 245 
Ammonium fluoride, 164 
Ammonium gallium sulphate, hydrated, 260 
Ammonium hafnium fluoride, 179 
Ammonium hydrogen fluoride, 165 
Ammonium indium sulphate, hydrated, 260 
Ammonium iodide, 161 
Ammonium iron chloride, 173 
Ammonium iron cyanide, etc., 174 
Ammonium iron selenate, hydrated, 253 
Ammonium iron sulphate, hydrated, 244, 
260 
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Ammonium lithium sulphate, 2ig 
Ammonium magnesium chromate, hy¬ 
drated, 257 

Ammonium magnesium selenate, hydrated, 
250 

Ammonium magnesium sulphate, hydrated, 
240 

Ammonium manganese fluoride, 177 
Ammonium manganese molybdate, h>'- 
drated, 261 

Ammonium manganese sclenate, hydrated, 
252 

Ammonium manganese sulphate, hydrated, 

243 

Ammonium metaphosphate, 277 
Ammonium nickel selenate, hydrated, 256 
Ammonium nickel sulphate, hydrated, 247 
Ammonium nitrate, 209 
Ammonium nitrate-sulphate, 267 
Ammonium palladium chloro-sulphitc, h\ - 
drated, 267 

Ammonium perchlorate, 207 
Ammonium platinum chloride, 179 
Ammonium polythionate, 263 
Ammonium polythionate-silver-ummonium 
bromide, 262 

Ammonium rhodium sulphate, hydrated, 
260 

Ammonium scandium fluoride, 177 
Ammonium selenate, 219 
Ammonium silicon fluoride, 179 
Ammonium sodium acid arsenate, hy¬ 
drated, 271 

Ammonium sodium acid phosphate, hy¬ 
drated, 270 

Ammonium sulphate, 216 
Ammonium sulphate-nitrate, 267 
Ammonium telluro-molybdate, hydrated, 
268 

Ammonium thiocyanate, 184 
Ammonium uranyl carbonate, 204 
Ammonium uranyl chloride, hydrated, 181 
Ammonium uranyl fluoride, i8i 
Ammonium uranyl nitrate, hydrated, 211 
Ammonium vanadium sulphate, hydrated, 
260 

Anunonium zinc chloride, 174 
Ammonium zinc selenate, hydrated, 251 
Ammonium zinc sulphate, hydrated, 242 
Ammonium zirconium fluoride, 179 
Amorphous condition, it 
Amphibole group, 301-303 


Analbitc, 313 
Analcite, 315 
Andalusite, 304 
Andesine, 312 

Angle of extinction, 101, 125 
Determination of, loO 
Angle of incidence, 57 
Angle of optic axes, j 1 7 
Angle of refraction, 57 
Anhedron, 10 
Anhydrite, 223 
Anisotrophic substances, 57 
Anorthitc, 312, 320 
Anthophyllitc, 290 
Antimonates, 268 
Antimonides, 155 
Antimonites, 268 
Antimony bromide, 172 
Antimony iodide, 172 
Antlerite, 228 
Apatite, 274 
Aragonite, 202 
Arcanite, 217 
Arsenates, 268 
Arsenic iodide, 172 
Arsenic oxide, 188 
Arsenides, 155 
Arsenites, 268 
Arsenolite, 188 
Asia, 172 
AS2O3, 188 
Astrakanite, 238 
Atom, 10 
Autunite, 276 
Axes of symmetry, 12 
Axes, Xf r, Z, no 


B 

B , 116 

BaAl2Si208, 319 
BaBra-zHaO, 170 
BaCdBr4*4H20, 172 
BaCdCU-41120, 171 
BaCl8, 167 
Ba2Cl2F2, 166 
BaCl2‘2H20, 170 
Ba(C104)2*3H20, 205 
BaCl20e*H20, 207 
Ba8ClP80i2, 273 
BaC03-3Ba8p208, 280 
BaF2, 166 
Ba6FPjOi2, 273 
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BaHPO^, 272 
Baking soda, 198 
BaN206, 207 
BaO, 186 

Ba(0H)2-8H20, 187 
3Ba3P308 BaC03, 2S0 
BaPt(CN).,-4^120, 170 
Barbierite, 311 
Barite, 223 

Barium acid phosphate, 272 

Barium aluminum silicate, 319 

Barium bromide, hydrated, 170 

Barium cadmium bromide, hydrated, 172 

Barium cadmium chloride, hydrated, 171 

Barium carbonate-phosphate, 280 

Barium chlorate, hydrated, 207 

Barium chloride, 167 

Barium chloride-tluoride, 1O6 

Barium chloride, hydrated, 170 

Barium chlorophoFphate, 273 

Barium fluophosphate, 273 

Barium fluoride, 1 06 

Barium hydroxide, h} drated, 187 

Barium nitrate, 207 

Barium oxide, 186 

Barium perchlorate, hydrated, 205 

Barium phosphate, 273 

Barium phosphate-carbonate, 280 

Barium platinum cyanide, 170 

Barium polythionate, hydrated, 2O5, 2()6 

Barium selenide, 156 

Barium silicate, 286-288 

Barium silicate, hydrated, 300 

Barium silico-tungstate, hydrated, 268 

Barium sulphide, 156 

Barium telluride, 157 

Barium uranyl phosphate, hydrated, 277 

BaS, 156 

Basal pinacoid, 16-23 
Base, 16-23 
BaSe, 156 
BaSiOs, 288 
BaSi20&, 287 
Ba2Si04, 286 
Ba2Si808) 288 
BaSi03*6H20, 300 
BaaSiWiaOio’ 16H2O, 268 
BaS04, 223 
BaSaOe* 2H2O, 265 
BaS20«'4H20, 266 
BaSiiOe'l-HaO, 265 
Basset!te, 276 


Bale, 157 

Ba(U02)2P208-6.iH20, 277 
Bausch & Lomb double variation appa¬ 
ratus, 53 

Bausch & I>omb microscope, 45, 47 
Bausch & Lomb monochromator, 51, 52 
Bausch & Iwomb refractometer, 50, 51 
liaveno twin, 30, 32 
Baycrite, rgo 

BcsAbSifiOis, 317 
Bccke line, 58, 59 
BeO, 187 

Bertrand ocular, 100, roi 
Beryl, 318 

Beryllium aluminum silicate, 317 

Beryllium oxide, 187 

Beryllium sclcnate, hydrated, 226 

Beryllium silicate, 286 

Beryllium sulphate, hydrated, 225 

BeSc04-4H20, 226 

BcaSiO^, 286 

BeS04-4H2(), 225 

Beta (/ 3 j, 22 

Beveled edge, 104 

Biaxial crystal plates between crossed 
nicols, 109-113, 120 
Biaxial crystals, 76, 108, 129 
Double refraction in, 108 
In parallel polarized light, 120-125 
Optic properties of, 108-119 
Orientation of, 129, 146 
Bieberite, 232 
Biquartz wedge, 101 
Birefringence, 74, 96 
Measurement of, 96 
Bisectrices, 117 
Bladed crystals, 28 
Bloedite, 238 
B2O3, 188 
Boothite, 232 
Borates, 212 
Borax, 213 
Boron oxide, 188 
Borosilicates, 280 
Boussingaultite, 241 
Brachy axis, 20, 23 
Brachydome, 21, 23 
Brachypinacoid, 20, 23 
Brachyprism, 21 
Brochantite, 228 
Bromargyrite, 161,162 
Bromates, 204 
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Bromellite, 187 
BromideS) 159 
Bromyrite, 161, 162 
Bunsenite, x86 
Bytownite, 312 

C 

CaAl204, 197 
Ca3Al208, 195 

CasAlioOis, ig6 
CasAleOu, 196 
CaaAUOe-61120, 197 
Ca8Al206-8-i2H>0, 197 
CaAl2Si208, 319 
Ca2Al2Si07, 317 

Ca3Al2Si08, 319 
Ca8Al2Si80i2, 316 
3CaAl2Si208-CaC03, 326 
Ca2BaSi309, 286 
CaB204, 214 

CaC2, 155 

CaCl2, 167 
CaCl2-6H20, 168 
Ca2ClP04, 274 
Ca6CIP80i2, 274 
CaCOs, 201 

CaCOs* 30aAl2Si208i 326 
CaC03-3Ca8p208, 280 
CaCOa • 2Ca2Si04, 326 
CaCOa-51120, 203 
CaCOs-6H2O, 203 
CaCuSi40fo, 286 

Cadmium chloride, hydrated, 170 
Cadmium ferrite, 195 
Cadmium fluoride, 166 
Cadmium iron oxide, 195 
Cadmium magnesium chloride, hydrated, 
169 

Cadmium oxide, 186 

Cadmium sulphate, hydrated, 230 

Cadmium sulphide, 158 

Caesium aluminum sulphate, hydrated, 260 

Caesium boron fluoride, 177 

Caesium bromide, 162 

Caesium cadmium sulphate, hydrated, 243 
Caesium cerium chloride, 177 
Caesium chloride, 162 

Caesium chromium sulphate, hydrated, 260 
Caesium cobalt selenate, hydrated, 255 
Caesium cobalt sulphate, hydrated, 247 
Caesium copper barium thiocyanate, 184 
Cajsium copper selenate, h3^rated, 254 


Caesium copper strontium tliiocyanate, 184 
Caesium copper sulphate, hydrated, 246 
Caesium fluoride, 162 
Caesium gallium sulphate, hydrated, 260 
Caesium indium sulphate, hydrated, 260 
Caesium iodide, 163 

CiEsium iron selenate, hydrated, 253, 260 
Ca;sium iron sulphate, hydrated, 245, 260 
Caesium magnesium chromate, hydrated, 
258 

Cajsium magnesium selenate, hydrated, 250 
Ciesium magnesium sulphate, hydrated, 
241 

Caesium manganese chloride, hydrated, 176 
Caesium manganese selenate, hydrated, 252 
Caesium manganese sulphate, hydrated, 
244, 260 

C-ajsium mercury chloride, 174 

Caesium nickel selenate, hydrated, 256 

Caesium nickel sulphate, hydrated, 248 

Caesium nitrate, 208 

Caesium perchlorate, 207 

Caesium polythionate, 263 

Caesium rhodium sulphate, hydrated, 260 

Caesium selenate, 218 

Caesium silver barium thiocyanate, 1 84 

Caesium sulphate, 217 

Caesium thallium chloride, 177 

Caesium titanium sulphate, hydrated, 260 

Caesium vanadium sulphate, hydrated, 260 

Caesium uranyl chloride, 181 

Caesium zinc selenate, hydrated, 251 

Caesium zinc sulphate, hydrated, 242 

CaF2, 165 

Ca8Fe(CN)8-12H2O, 171 
Ca(Fe,Mn,Mg)2Si309, 299 
CaFe204, 196 
Ca2Fe206, 196 
CaFeSi04, 294 
CaFeSi20fl, 296, 297 
Ca2FeSi207, 284 
Ca6FP80i2, 273 
CaHP04, 272 
CaLa2Si20«, 317 
Calcite, 201 
Calcite twin, 30, 31 
Calcium acid phosphate, 272 
Calcium aluminate, 195-197 
Calcium aluminate, hydrated, 197, 198 
Calcium aluminum oxide, 195-197 
Calcium aluminum oxide, hydrated, 197, 
198 
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Caldum aluminum oxychloride, hydrated, 

183 

Calcium aluminum silicate, 316-319 
Calcium aluminum silicate-calcium car¬ 
bonate, 326 

Calcium aluminum sulphate, hydrated, 261, 
262 

Calcium barium silicate, 286 
Calcium borate, 214 
Calcium carbide, 155 
Calcium carbonate, 201 
Calcium carbonate-calcium aluminum sil¬ 
icate, 326 

Calcium carbonate-calcium silicate, 326 
Calcium carbonate, hydrated, 203 
Calcium carbonate-phosphate, 280 
Calcium carbonate-sodium aluminum sil¬ 
icate, 326 

Calcium chloride, 167 

Calcium chloride, hydrated, 168 

Calcium chlorophosphate, 274 

Calcium copper silicate, 286 

Calcium cyanamide, 155 

Calcium ferrite, 196 

Calcium fluophosphate, 273 

Calcium fluoride, 165 

Calcium hydroxide, 187 

Calcium iron cyanide, hydrated, 171 

Calcium iron-manganese silicate, 299 

Calcium iron oxide, 196 

Calcium iron silicate, 284, 294, 296, 297 

Calcium lanthanum silicate, 317 

Calcium lead silicate, 300 

Calcium magnesium chloride, hydrated, 168 

Calcium magnesium silicate, 284, 287, 293, 

295 

Calcium metavanadate, hydrated, 277 
Calcium molybdate, 222 
Calcium neodymium silicate, 317 
Calcium nitrate, hydrated, 211 
Calcium oxide, 185 
Calcium oxychloride, hydrated, 183 
Calcium oxyphosphate, 274 
Calcium phosphate, 273, 274 
Calcium phosphate-carbonate, 280 
Calcium platinum cyanide, hydrated, 169 
Caldum polythionate, 263 
Calcium polythionate, hydrated, 264, 266 
Caldum pyrophosphate, 279 
Caldum selenide, 156 
Caldum silicate, 286, 287, 289, 297 
Caldum silicate-carbonate, 326 


Caldum silicate, hydrated, 300 

Calcium sulphate, 223 

Calcium sulphate, hydrated, 226, 229 

Calcium sulphide, 156 

Calcium sulphite, hydrated, 215 

Calcium telluride, 156 

Calcium tungstate, 222 

Calcium uranyl phosphate, hydrated, 275 

Calomel, 166 

CaMg2Cl6-12H2O, 168 

CaMgSi04, 293 

CaMgSi206, 295 

Ca2MgSis07, 284 

Ca6Mg2Si60i9, 287 

CaMo04, 222 

CaNCN, 15s 

Cancrinite, 326 

CaNd2Si208, 317 

CaN206 *41120, 211 

CaO, 185 

3 Ca 0 Al203*CaS04'12H2O, 261 
3CaOAl208-CaCl2*ioH20, 183 

CaOAlaOs-FeaOs, 196 
4CaO • AI2O3 • 12H2O, 198 
6Ca0-Al203*3S03*3iH20, 2O1 
Ca20Cl2 • 2H2O, 183 
Ca604Cl2* 14H2O, 183 
Ca(OH)2, 187 
Ca2Pb(Si03)3, 300 
Ca2P207, 279 
3CasP208 • CaCOa, 280 
Ca4P209, 274 
CaPt(CN)4*5H20, 169 
Carbides, 155 
Carbonates, 198 
Carlsbad twin. 30, 32 
Camallite, 175 
Camegieite, 307 
Carphosiderite, 235 
CaS, 156 
CaSe, 156 
CaSiOs, 286, 297 
Ca2Si04, 289 
CasSiOs, 287 
Ca8Si207, 287 
Ca2Si04*H20, 300 
2 Ca 2 Si 04 * CaCOs, 3^^ 

CaS0s ‘2H£0, 21S 
CaS04, 223 
CaS04* JHsO, 226 
Ca$04*2Hs0, 229 
CaS20r6H20, 266 
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CaS206 *41120, 264 
CaS40e, 263 
Cassiterite, 191 
CaTe, 156 

Ca(U02)2r208 i2H20, 275 

CaVsOe*41120, 277 
CaW04, 222 
CdCl2*2.5H20, 170 
cdr2,166 
CdFe204, 195 
Cd-jMgClo* 12II2O, lOg 
CdO, 186 
CdS, 158 

CdS04*|H2(), 230 

Celsian, 319 

Ce2(Mo04)3, 235 

Center of symmetry, 12 

Ce2Pt3(CN) 12 *211120, 178 

Cerargyrite, 161 

Cerium molybdate, 235 

Cerium platium cyanifle, hydrated, 178 

Cerium polythionate, hydrated, 2OO 

Cerussite, 203 

Ce 2 (S 20 «) 3 * isIIaO, 2 b() 

Chabazite, 320 

Chalcanthite, 27, 233 

Chalcedony, 194 

Chlorapatite, 274 

Chlorargyrite, 161 

Chlorates, 204 

Chlorides, 159 

Chloromagnesite, 1O7 

Chromates, 215 

Chromium oxide, 189 

Chromium sulphate, hydrated, 235 

Chrysolite, 291 

Cinnabar, 158 

Circular polarization, 73 

Claud^tite, 188 

Cleavage, 34-37 

Clerici solution, 39 

Clino axis, 21 

CUnodome, 21 

Clinoenstatite, 294 

Clinographic projection, i 

Clinopinacoid, 21 

Clinoprism, 21 

C0AI2O4, 195 

Cobalt aluminatc, 195 

Cobalt aluminum oxide, 195 

Cobalt blue, 195 

Cobalt chloride, hydrated, 171 


Cobalt hydrofluoride, hydrated, 168 
Cobalt nitrate, hydrated, 211 
Cobalt perchlorate, hydrated, 205 
Cobalt selenatc, hydrated, 231 
Cobalt silicon fluoride, hydrated, i8x 
Cobalt sulphate, hydrated, 225, 229, 232, 

234 

Co(C 104)2*5H20, 20s 
C0F2 • 5HF • 6H2O, 168 
Color produced by interference, 89, 92, 125 
Color scale, 8g, 105 
Columbates, 280 
Columnar crystals, 24-26 
Combination of simple harmonic motions, 
83-86 

Compensation point, 94 

Composition plane, 29 

Conchoidal fracture, 37 

Conductivity, electrical, 40 

Conical refraction, 116, 117 

C0N2O6 *61120, 211 

Constancy of interfacial angles, 12 

Contact twins, 29 

Copiapite, 236 

Copper bromide, 164 

Copper chloride, 163 

Copper chloride, hydrated, 169 

Copper hydrofluoride, hydrated, 171 

Copper hydroxyphosphate, 274 

Copper iodide, 164 

Copper oxide, 185, 187 

Copper selcnate, hydrated, 234 

Copf^er silicon fluoride, hydrated, 181 

Copper sulphate, 224 

Copper sulphate, hydrated, 228, 230, 232, 

233 

Copper uranyl phosphate, hydrated, 273, 
277 

Cordierite, 318 

Corrections of observed angles, 139 

Corundum, 187 

CoSe04*6HO, 231 

CoSiF6’6H20, 181 

CoS04*H20, 229 

C0SO4 *51120, 234 

CoS04*6H20, 225 

C0SO4 *71120, 232 

Cotunnite, 168 

Cristobalite, 191 

Cr203, 189 

Crown glasses, 327 

Cr2(S04)3*i8H20, 23s 
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Cryptohalitc, 179 
Crystal aggregate, 28 
Crystal axes, 12 
Crystal form, 14 
Crystal habit, 23-28 
Crystal system, 14 
Crystalline condition, ii 
Crystallography, 1036 
Cryslals, 10 
Cs3Ag2Ba(CNS)7, 184 
CsAI(S04)2 121120, 260 
CsBF 4 , 177 
CsBr, 162 

Cs2Cd(S04)2'6H20, 243 
CsCeCb, 177 
CsCl, 162 
CSCIO4, 207 

Cs2Co(Sc 04)2 -6H20, 255 
Cs2Co(S04)r6H20, 247 
CsCr(S04)2-12H2O, 260 
CssCu2Ba(CNS)7, 184 
Cs2Cu(Se04)2-6H20, 254 
CS2Cu(S04)2-61120, 246 
Cs3Cu2Sr(CNS)7, 184 
CsF, 162 

CsFe(Se04)2 • 12H2O, 260 

Cs2Fe(Se04)2*61120, 253 

CsFe(S04)2-i2H20, 260 
Cs2Fe(S04)2'6H20, 245 
CsGa(S04)2-12H2O, 260 
CsHgCIs, 174. 

Csl, 163 

CsIn(S04)2-12H2O, 260 
Cs2Mg(Cr04)2-6H20, 258 
Cs2Mg(Se04h * 6H2O, 250 
Cs2Mg(S04)2‘6H20, 241 
Cs2MnCl4* 2H2O, 176 
Cs2Mn(Se04)2*6H20, 252 
CsMn(S04)2* 12H2O, 260 
CS2M 0(804)2-61120, 244 
Cs2Ni(Se04)2‘6H20, 256 
Cs2Ni(S04)2-6H20, 248 
CsNOs, 208 

CsRh(S04)2-121120, 260 
Cs2Se04, 218 
CS2SO4, 217 
Cs2S20e, 263 
CsTi(S04)2 i2HA 260 
CS3TI2CI2, 177 
CS2UO2CI1, 181 
CsV(S 04)2 *121120, 260 
Cs22Iln(8004)2*6H20, 251 


Cs2Zn(804)2'6H2O, 242 
Cube, 14, 15 
CuBr, 164 
CuCl, 163 
CUCI2-2H2O, 169 
CuF 2-5HF.6H.>0, 171 
Cul, 164 
CuO, 187 
CU2O, 185 
Cu 2(0H)P04, 274 
3CuO SO;r 2H2O, 228 
4CUO • SO3 • 3H2O, 2 28 
3CuO-2SOrsH20, 232 
Cuprite, 185 
CuSeOd-.sH-iO, 234 
CuSiFfi*61120, i8i 
CUSO4, 224 
CU2SO6, 224 
CuS04*3H20, 230 
CuS04-5H20, 233 
CU8O4-71120, 232 
Cu(U02)2P20!, io. 5TI>0, 277 
Cu(U02)2p208-1211.0, 275 
Cyanides, 159 
Cyclic twin, 29, 31 

D 

Data sheet, 141 
Derivation of index, 114, 115 
Determination of birefringence, 96 
Determination of extinction position, 106 
Determination of optic sign, 107 
Determination of order of color, 93-96 
Determination of relative velocities, 106 
Determination of sign of elongation, 106 
Diagrams for binary series, 4 
Diagrams for quaternary systems, 8 
Diagrams for ternary systems, 7 
Diamagnetic substances, 41 
Diametral prism, 17, 18 
Diametral pyramid, 17, 18 
Didymium molybdate, 234 
Didymium sulphate, hydrated, 237 
Difference of phase, 85-92 
Dihexagonal forms, 18 
Di2(Mo04)8, 234 
Diopside, 296-298 

Directions for laboratory work, 70, 84, 105, 
119 

Directions of vibration, 87 
Dispersion, 60 

Of indices of refraction of quartz, 72 

Of liquids, 60 
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Dispersion method, 65 
Di8(S04)8'8H20, 237 
Ditetragonal prism, 17 
Ditetragonal pyramid, 18 
Dodecahedron, 15 
Dolerophanite, 224 
Dome, 21 

Double refraction, 74 
In biaxial crystals, zo8 
In uniaxial crystals, 78 
Double variation apparatus, 53 
Double variation graph, 72, 143 
Double variation method, 67, 72 
Drawings, i 

E 

E ray, 74 

Effects of microscope on light, 85, 02 
Effects of uniaxial crystals on light, 85, q 2 
Effects of wedge on light, 88, 89, 94, 95 
Electrical conductivity, 40 
Elements, 153 
Ellipsoid, triaxial, 113, 129 
Elliptical polarization, 73 
Elongated crystals, 24- 26 
Elongation, 98 
Sign of, 106, 123, 125 
Embolite, 161 
Emerald, 317 

Emmons double variation apparatus, 53 

Emmons universal stage, 127 

Enstatite, 295 

Epistilbite, 323 

Epsilon («), 77 

Epsomite, 226 

Equant crystals, 24-26 

Ettringite, 262 

Eucryptite, 308 

Even fracture, 37 

Experimental double refraction, 74, 108 
Explanation of interference colors, 89-92 
Extinction, 98 
Inclined, 121, 125 
Parallel, 121, 125 
Symmetrical, 121, 125 
Extinction angles, loi, 125 
Determination of, 106 
In monoclinic crystals, 121 
In orthorhombic crystals, 121 
In triclinic crystals, 121 
Extinction position, 98 
Determination of, 106 


Extraordinary ray, 74 
F 

Factors determining interference colors, 93 
Fast ray, 94 
Fayalite, 290-292 

FeAs04, 274 

FeBaSi40ia, 286 
FeCh, 167 

(Fe,Cu)S04-7H2O, 232 

Fedoroff universal stage, 48, 126-150 

Feldspar group, 311, 314, 319* 320 

Feldspar twins, 30-32 

Fe208, 189 

Fei03*H20, 189 

Fe208 • 2SO3 • H2O, 235 

FciOs • 2SO8 • SH2O, 236 

Fe203 • 3SO3 • 6H2O, 236 

FciOs-3803-71120, 237 

F'e203 • 4SO3 * 9H2O, 236 

2Fe20,-5S0a i7(?)H,0, 236 
3FejOj-4S08-9H20, 235 
Ferrites, 194 
FeSiFfl- 61120 , 180 
FeSiOs, 295 
FeSi03-»H20, 304 
Fc2Si04, 290- 293 
Fe2(S04)3, 235 
FeS04-41120, 230 
FeS04-5H20, 233 
FeS04-7H20, 231 
Fibrous crystals, 26 
First order colors, 91 
First order red plate, 100 
Flattened crystals, 26 
Flattening, 98 
Flint glasses, 327 
Fluorapatite, 274 
Fluorides, 159 
Fluorite, 166 
Fluorite twin, 29, 30 
Foliated crystals, 26 
Form (of a crystal), 14 
Forsterite, 290-292 
Fulgurite, 194 
Fusibility, 40 

G 

Gamma (y), 23 
Garnet, 316 
GeBr4, 172 
Gehlenite, 285, 317 
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Geniculated twin, 30 
GeOj, 194 

Germanium bromide, 172 

Germanium oxide, 194 

Gillespite, 286 

Gismondite, 323 

Glasses, 327 

Glaucochroite, 291 

Glaucophane, axes A', I', Z in, 123 

Gmelinite, 315 

Goethite, 190 

Goslarite, 227 

Greenalite, 304 

Greenockite, 158 

Grossularite, 316 

Gypsum, 27, 229 

Gypsum plate, 100 

Gypsum twin, 30, 32 

H 

Hafnium oxychloride, hydrated, 183 

Halides, 159 

Halite, 160 

H2Al2Si40i2, 305 

H4Al2Si209, 305 

Hardness, 37 

Harmotome, 323 

H2Ca2Fe6Si8024, 301 

H 2 Ca 2 Mg 6 Sia 024 , 301 

Heavy liquids, 38, 39 

Hedenbergite, 297, 298 

Hematite, 189 

Hexagonal division, 17 

Hexagonal system, 17 

Heulandite, 324 

Hexahydrite, 231 

Hf0Cl2-8H20, 183 

HgCla, 167 

HgsCU, 166 

Hg(CN)2, 167 

Hgl2, 166 

HgaOCU, 182 

HgS, 158 

Hieratite, 179 

Hlllebrandite, 300 

HKSiiOs) 283 

HKaCSOOa, 220 

HjKaTeljOio* 2H2O, 207 

HNa*(C0*)2-2H20, 200 

H*Nae(Mo04)7 i8H20, 266 

HNa«P* 0 r 9 H« 0 , 278 

H<NH4)s(S04)a, 220 


H2O, 185 

Hornblende, 301, 303 
Hornblende cleavage, 35, 36 
Hortonolite, 291, 292 

H4Pb(As04)2, 273 

Hyalosiderite, 291, 292 
Hydrocerussite, 203 
Hydrogen aluminum silicate, 305 
Hydrogen ammonium sulphate, 220 
Hydrogen calcium iron silicate, 301 
Hydrogen calcium magnesium silicate, 301 
Hydrogen lead arsenate, 273 
Hydrogen oxide, 185 
Hydrogen potassium silicate, 283 
Hydrogen potassium sulphate, 220 
Hydrogen potassium telluroiodate, hy¬ 
drated, 207 

Hydrogen sodium carbonate, hydrated, 200 
Hydrogen sodium hypophosphate, hy¬ 
drated, 278 

Hydrogen sodium polymolybdate, hy¬ 
drated, 266 
Hydrohematite, 189 
Hydrokyanite, 224 
Hydrophilite, 167 
Hydroxides, 187, 189, 197 
Hypophosphates, 278 

I 

Ice, 185 

Immersion media, 61--68 
Immersion method, 61 
Inclusions, 33, 34 
Index of refraction, 58 
Measurement of, 61-72 
Index of refraction liquids, 61-68 
Index-variation methods, 63 
Indices of refraction, determination of, 135 
Graphic calculation, 136, 143 
Routine procedure, 149 
Interference colors, 89-92, 125 
Determination of order of, 93 
Explanation of, 89-92 
Factors determining, 93 
lodates, 204 
lodembolite, 161 
Iodides, 159 
lodobromite, 162 
IrClr4NH3H*0, 182 
Indium chloride, ammoniated, 182 
Iron arsenate, 274 
Iron barium silicate, 286 
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Iron chloride, lO" 

Iron-copper sulphate, hydrated, 232 

Iron-leucite, 309 

Iron oxide, 189 

Iron oxide, hydrated, i8q 

Iron silicate, 290, 291-293, 295 

Iron silicate, hydrated, 304 

Iron silicon fluoride, liydrated, 180 

Iron sulphate, 235 

Iron sulphate, hydrated, 230, 231, 233, 235 

237 

Isoaxial substances, 76 
Isometric system, 14 
Isotropic substances, 57 

j 

Justite, 284 

K 

KAg(CN)2, 164 
Kalicinite, 198 
Kalinite, 259 
Kaliophilite, 308 
KAl(Se04)2*i2H20, 260 
KAlSi04, 308 

KAlSi 206 , 309 
KAlSiaOs, 313 

KaAbSiOc, 308 
K 2 Al 2 (S 04 ) 4 , 2 sS 
KAl(S04)2 i2H20, 259 
Kaolinite, 305 
K 2 Be 3 Si 40 i 2 , 30b 

KBF4, 177 
KBr, 161 
K2Ca(C03)2, 204 
K 2 CaSi 04 , 30b 
K 2 Ca 2 Si 902 i, 307 
K2Ca8Si60i«, 307 
K4CaSia09, 306 
K 4 CaSieOi 5 , 3^7 

K2Cd(CN)4, 173 
K4CdCl6, 173 

K2CdN408, 212 
K2Cd(S04)2 fH20, 238 
KCl, 160 
KCIO3, 207 
KCIO4, 206 
KCN, 161 
KCNS, 183 
K2CO8, 199 

K2Co(Se04)2*6H20, 255 
K2 Co(S04)2*6H20, 246 


KaCr(CN)6, i 77 
K2Cr04, 217 
K2Cr207, 264 

KjCraOT• Hg(CN)2• 2H2O, 265 
KCr(S04)2*121120, 260 
KjCuClf 2H2O, 174 
K3 Cu(CN) 4, 164 
K2Cu(Se04)2-6H2(), 254 
K2 Cu(S 04)2*6H20, 245 
Kemite, 213 
KF, 161 
KF-2H20, 165 
K3Fe(CN)«, 178 
K4Fe(CN)«*3H20, 17b 
K6Fc(Cr04)4 bH20, 258 
K2Fe(Se04)2 bH20, 253 
KFeSi206, 309 
KFeSisOs, 314 
KFe(S04)2* 12H2O, 260 

K2Fe(S04)2 bH20, 244 

KCIa(S04)2'12H2O, 260 

KH, 162 
KH2ASO4, 268 
KHCO«, 198 
K 2 HgCl 4 H 20 , 174 
K 2 Hg(CN) 4 , 173 

KHg(CNS) 3 , 184 
K.>Hg(CNS) 4 , 184 
KH2PO4, 268 
K2H2P2O6 * 21120 , 278 
K2H2P2O6 3H2O, 278 
KHSi205, 283 

KI, 161 
KIO4, 205 
Kieserite, 228 

KLaSi04, 309 

KMgBr.vbH20, 175 
K2Mg(C03)2, 204 
K2Mg(Se04)2*6H20, 250 
K2Mg(S04)2 bH20, 240 

K 8 Mn(CN) 6 , 177 

K2Mn(S04)2-|H20, 238 
K2Ni(Se04)2*6H20, 256 
K2Ni(S04)2*bH20, 247 
KNOs, 208 

4K2O • Mn208 • 13M0O8 • 9H20, 261 
K40s(CN)fl-3H20, 175 
K2PtBr2N204' H2O, 212 

K 2 PtCl 4 , 173 
K2PtCl6, 179 
KPtCUNHg-HA 182 
K 2 Pt(CN) 4 * 3 HjO, 17s 
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K2Ptl2Na04- 21120 , 212 

Kramerite, 214 
KRe04, 214 
K3Rh(CN)fl, i 7 « 

K4Ru(CN)«-3H20, 176 
K 2 Se 04 , 218 
KaSiFe, i 79 
KaSiOa, 283 
KaSiaOfi, 283 
K2Si409, 283 
KaSiOa-HaO, 283 
KaSiOa iHaO, 283 
KaSizOfi-HaO, 284 
KaSnClc, 179 
K2SO4, 217 
KaSaOa, 262 
KaSaOs, 263 
KaSaOa, 263 
K2S40a, 263 

KaSaCa-fHaO, 265 

KaTiFfi, 180 
KaTiaOa, 280 
KaU02(N0a)4, 210 
Ka(U02)2Pa0«-«H20, 276 
K2U02(S04)2-2H20, 262 
Kyanite, 304 
Kyanochroite, 245 
KaZn(CN)4, i 73 
K2Zn(Se04)2-6H20, 251 
KaZn(804)2-OHaO, 241 
KaZrFa, 180 
KaZrFy, 180 

L 

Laboratory work, 70, 84, 105, 119 
Labradorite, 312 
Lamellar crystals, 24-26 
Lansfordite, 204 

Lanthanum sulphate, hydrated, 235 

Lamite, 289 

La3(S04)2*9H20, 235 

Lath-shaped crystals, 28 

Laumontite, 322 

Lawrencite, 167 

Lead acid phosphate, 272 

Lead arsenate, 274 

Lead carbonate, 202, 203 

Lead chloride, 168 

Lead chloroarsenate, 274 

Lead chromate, 224 

Lead nitrate, 208 

Lead oxide, 186, 191 


Lead phosphate, 272 

Lead polythionate, hydrated, 264 

Lc-ad pyroarsenate, 279 

Lead uranyl phosphate, hydrated, 277 

Lechatelierite, 194 

Leitz microscope, 44, 4O 

Leitz monochromator, 52, 53 

Leonhardite, 323 

Lepidocrocitc, 190 

Leucite, 309 

Leucitohedron, 15 

Levynite, 321 

LiAlOa, 194 

LiAlSi04, 308 

LiAlSiaOs, 307 

LiAlSi 40 io, 310 

LiBr, 161 

LiCl, i6x 

LioCOs, 199 

LiF, 161 

Ijght, 56 

Lil, 161 

y2K2Fe(CN)«.3H20, 176 
LiKS04, 215 

LiKPt(CN).r3H.>0, 175 

LiLaSi04> 309 
Lime, 185 
Lime-olivinc, 289 
Limonite, 190 
LiNOs, 208 
LiaO, 184 

Liquids, index of refraction, 61--68 

LiRbPt(CN) 4 ’ 3 H‘A 175 

LiaSiOs, 281 

LiaSiaOs, 282 

Li4Si04, 282 

Li2S04, 220 

Li2S04*H20, 221 

LiaSaOe *21120, 264 

Lithargite, 186 

Lithium aluminate, 194 

Lithium aluminum oxide, 194 

Lithium aluminum silicate, 307, 308, 310 

Lithium bromide, 161 

Lithium carbonate, 199 

Lithium chloride, 161 

Lithium fluoride, 161 

Lithium iodide, 161 

Lithium lanthanum silicate, 309 

Lithium nitrate, 208 

Lithium oxide, 184 

Lithium polythionate, hydrated, 264 
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Lithium potassium iron cyanide, hydrated, 
176 

Lithium potassium platinum cyanide, 
hydrated, 175 

Lithium potassium sulphate, 215 
Lithium rubidium platinum cyanide, hy¬ 
drated, 175 

Lithium silicate, 281, 282 
Lithium sulphate, 220 
Lithium sulphate, hydrated, 221 
Loewite, 238 

M 

Macro axis, 20, 23 
Macrodome, 21, 23 
Macropinacoid, 21, 23 
Magnesium aluminate, 195 
Magnesium aluminum oxide, 195 
Magnesium aluminum silicate, 317 
Magnesium borate, 2T4 
Magnesium bromate, hydrated, 205 
Magnesium carbonate, hydra tec I, 203 
Magnesium cerium nitrate, hydrated, 210 
Magnesium chloride, 167 
Magnesium chromate, hydrated, 228 
Magnesium ferrite, 195 
Magnesium iron oxide, 195 
Magnesium lanthanum nitrate, hydrated, 
211 

Magnesium neodymium nitrate, hydrated, 
210 

Magnesium oxide, 185 
Magnesium platinum cyanide-glycerine, 
hydrated, 169 

Magnesium platinum cyanide, hydrated, 
168 

Magnesium poly tungstate, hydrated, 266 
Magnesium pyrophosphate, 279 I 

Magnesium selenate, hydrated, 231 
Magnesium selenide, 156 
Magnesium silicate, 289, 291-294 
Magnesium silicon fluoride, hydrated, 180 
Magnesium sulphate, hydrated, 226, 228- 
232 

Magnesium sulphide, 156 
Magnesium tin chloride, hydrated, 181 
Magnesium tungstate, 224 
Magnesium uranyl phosphate, hydrated, 
277 

Magnetism, 41 
Magnifying power, 42 
Malladrite, tSo 


Manebach twin, 31, 3^ 

Manganese borate, 2x4 
Manganese chloride, hydrated, 170 
Manganese pyrophosphate, 279 
Manganese silicate, 290, 293, 299 
Manganese silicon fluoride, hydrated, i8c 
Manganese sulphate, hydrated, 228, 23 

234 

Manganese uranyl phosi)halc, hydrate 
277 

Mfirshite, 164 
Mascagnitc, 216 
Massicotite, 186 
Massive, 11 

Measurement of birefringence, 96 

Measurement of extinction angles, 106 

Measurement of index of refraction, 58 

Meionite, 159 

Melaconite, 187 

Melanterite, 232 

Mclilite group, 284 

Mendozite, 259 

Mercury chloride, 166, 167 

Mercury cyanide, if)7 

Mercury iodide, lOO 

Mercury oxychloride, 182 

Mercury sulphide, 158 

Metacinnabarite, 158 

Metacristobalite, 191 

Metamesolite, 322 

Metanacrite, 305 

Metanatrolite, 316 

Metaphosphates, 277 

Metascolecite, 322 

Metathenardite, 216 

Metatorbernite, 275 

Metavanadates, 277 

Methylene iodide, 39 

MgAl204, 195 

Mg2Al4SisOi8, 317 

Mg8B208, 214 

Mg(Br03)2*6H20, 205 
Mg3Ce2(NOa) 12 *241120, 210 
MgCL, 167 
MgCOa *31120, 203 
MgC08‘5H20, 203 
MgCrOa*71120, 228 
MgFeaOa, 195 
Mg8La2(N08)i2*24HA 2ti 
MgaNdaCNOa) 12 • 24HA, 210 
MgO, 185 
Mg2Pi07, 279 
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MgaPr*(NOs) 12 * 24H2O, 2 x i 

MgPt(CN )4 C 8 H 803 ‘ 5 H 20 , x6() 
MgPt(CN)4*7H20 ,168 

MgS, 156 
MgSe, 156 
MgSe04 -6H20, 231 
MgSiF6*6H20, 180 
MgSiOa, 204 
Mg2Si04, 289, 291-293 
MgSnCIe * 61120 , 181 
MgS04 H20, 228 
MgS04 fH20, 229 
MgS04* 2H2O, 229 
MgS04*3H20, 229 
MgS04 *41120, 230 
MgS04*5H20, 232 
MgS04 *61120, 231 
MgS04* 7H2O, 226 

Mg(U 02 ) 2 P 208 - 8 .iH 20 , 277 

MgW04, 224 
MgW40,r 8H2O, 266 
Mica plate, 97, 103 
Microcline, 314 
Microcosmic salt, 270 
Microscopes, 42-47 
Adjustment of, 99 
Miller symbols, 13, 14 
Mirabilite, 221 
Mitscherlichite, 174 
Mn2B208, 214 

Mn3B409, 2T4 

MnCl2*4H20, 170 
Mn2P207, 279 
MnSiF6*6H20, 180 
MnSiOs, 299 
Mn2Si04, 290, 293 
MnS04*H20, 228 
MnS04 *41120, 231 
MnS04 *51120, 234 

Mn(U02)2P208*7.6H20, 279 

Moissanite, 155 
Molybdates, 215 
Monetite, 273 

Monochromatic light, 52, 53 
Monochromators, 52, 53 
Monoclinic crystals, extinction in, 121, 
1 25 

Monodinic system, 21 
MonticelUte, 294 
Morenosite, 227 

Movement of colors on bevel, 104 
MuIUte, 304 


N 

N ,57 

NaAlSi04, 307 
NaAlSi206*H20, 315 
NaAlSiaOg, 310 
3NaAlSi04* CaCOit, 326 
NaAl(804)2*61120, 26t 
NaAl(S04)2*i2H20, 259 
Na3As04* I2H20, 269 
Na3AsS4*8H20, 159 
NaAuCU* 2H2O, 178 
NaeBegSinOsT, 306 
Na2B407*41120, 213 
Na2B407 *51120, 212 
Na2B407* 10H2O, 213 
NaBr, 161 
NaBrOs, 204 
NaCaB^Os-51120, 214 
Na2Ca(C08)2, 204 
Xa2CaSi04, 305 
Xa2Ca2(Si03)3, 3o^> 
Xa2Ca3Si<,Oj3, 306 
Na4CarSi03)3, 305 
XaCl, 160 
X'aClOs, 204 
NaC104, 206 
XaCN, 161 
NaCNO, 183 
NaCNS, 183 
Xa2C03 H20, 200 
Na2C0.r2|H20, 200 
Xa2C03* 10H2O, 200 
Na2C03*2Na2S04, 267 
N^a2Cr04*41120, 221 
Na2Cr207* 2H2O, 266 
NaioCu2Ag4(S203)8* 6 XH 3 , 262 
NaF, 160 

NarFAsaOs *191120, 269 
Na 4 Fe(CN) 8 *i 2 H 20 , 376 
NaFeS^Og, 314 
Na6Fe(Si03)4, 310 
Na7FP208-i9H20, 269 
Na7FV20g* 19H2O, 269 
NaH, 162 

NaH2As04*H20, 270 
NaH2As04* 2H2O, 270 
Na2HAs04* 7H2O, 271 
Na2HAs04* 12H2O, 271 
NaHCOs, 198 
Nahcolite, 199 
NaH2P04*H20, 270 
NaH2P04*2H2O, 270 
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NaHjPOrtHsO, 278 
NaJIPOa-sHiO, 278 
Na!HP04-7 HsO, 271 
NasHl’04 i2lIA 2/1 

Na2H3Ps06-6H20, 278 
NaaHaPsOy ^HsO, 270 
Na4P306 ion2O, 278 
NaHSOj, 215 
NaHSOi HsO, 221 
NaH(U02)»Pj08-7.3lI./), 276 
Nal, 161 
NaK(CN)2, i6i 
NaK8(Cr04)2, 215 
NaKPt(CN)4*3H20, 176 
NaLaSi04, 309 
NaLiCOa, igS 
Na2Mg(00.1)2, 204 
Na6Mg(S04)4, 238 
Na2Mg(S04)2-2jli20, 238 
Na2Mg(S04)2-4H20, 238 
NaNdSi 04 , 309 
NaNOs, 208 
Nantokite, 163 
6Na20 • 4Fe203 • 5Si02, 310 
Na6P2Mo5023* 14H2O, 267 
NaPOa, 277 
Na3P04* 10H2O, 269 
Na3P04* 12H2O, 269 
Na4P20e’ioH20, 278 
NaiPjOz-10H2O, 279 
NaPrSi04, 309 
Na2Pt(CN)4-3H20, 176 
Na2RuN5O]0-2H2O, 212 
Na2SiF6, 180 
Na2Si03, 282 
Na2Si206, 282 
Na2Si307, 285 
Na4Si04, 282 
Na4Si4Ti5O20, 280 
NaSmSi04, 309 
Na2S03, 215 
Na2S04, 216 
Na2S04 NaF, 267 

Na2S04-10H2O, 220 
Na2S20s*5H20, 266 
Na2S206 *21120, 265 
2Na2S04*Na2C08, 267 
Na2Ti205, 280 
Na8Ti60i4, 280 
Natrolite, 316 
Natron, 200 
Natronleucite, 315 


INDEX 

Na2(U02)2P208-6.5H.A 276 
Na3V04* 10H2O, 269 
NaaVA-12H3O, 270 
NaYSiU4, 309 
Na2W04-2H20, 220 
NaaZrSiOft, 281 
NaaZrSiaOz, 281 
Na4Zr2Si30i2, 281 
Nd2(Mo04)3, 234 
Nd2(S04)3*8H20, 237 
N., 77 

Negative crystal (cavity), 34 
Negative crystals, 102, T17 
Neodymium molybdate, 234 
Neodymium sulphate, hydrated, 237 
Nephclitc, 308 
Nesquehonite, 203 
Newton color scale, 89, 105 
N„, 102, 113 

NH,AI(S04)2 i2H..(), 250 
NH4BA-4H20, 213 
NH4Br, 164 
(NH4)4CfR:i«, 173 
(NH.,)2C'd(Se()4)2-6H20, 252 
(NH4)2Cd(SO,)2-61120, 243 
NII4CI, 104 
NH4C104, 207 
NH4CNS, 184 
(NH4)2Co(Se04)2-6H20, 255 
(NH4)2 Co(S 04)2-6H20, 247 
NH4Cr(S04)2 i2H20, 260 
(NH4)2Cua4-2H20, 174 
(NH4)2Cu(Sfc04)2-6H20, 2 S 4 
(NH4)2Cu(S04)2-6H20, 24s 
NH4F, 164 

(NH 4 ) 2 FeCl 4 , 173 

(NH4)4Fe(CN)6-2NH4Cl-3H20, 174 

(NH4)2Fe(Se04)2-6H20, 253 

NH4Fe(S04)2 i2H20, 260 

(NH4)sFe(S04)2-6H20, 244 

NH4Ga(S04)2-r2H20, 260 
NH4H2ASO4, 269 
NHiHCOj, 198 
NH4HF2, 16s 

(NH 4 ) 2 HfF,, 179 

NH4H,P04, 268 
NH4HSO4, 219 
NH4I, i6i 

NHJn(S04)2 i2HA 260 
NH4LiS04, 219 
(NH 4 ) 2 Mg(CA 4 )»- 6 HA 2 S 7 
(NH.)JiJg(Se 04 ) 2 - 6 HA *So 
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(NH4) aMgCSOO 2 • 6H2O, 240 

(NH 4 ) 2 MnF 6 , 177 

(NH4)2Mn(Se04)2*6H20, 252 

(NH4)2Mn(S04)2-6H20, 243 
NH4NaHAs04 H20, 271 
NH4NaHP04-4H20, 270 
(NH4)2Ni(Se04)2-6H20, 256 

(NH4)2Ni(S04)2*6H20, 247 

NH4NO3, 209 
2 NH 4 N 03 -(NH 4 ) 2 S 04 , 267 
4(NH4)20-Mn20.r isMoOr 9H2O, 29 t 
3(NH4)20-Te02*6Mo02* 7H2O, 208 
(NH4)8PdCl3S03 lT20, 267 
NH4PO3, 277 

(NH4)2PtCle, 179 

NH4Rh(S04)2*i2ll20, 260 

(NH 4 ) 3 ScF 6 , 177 

(NH4)2Se04, 219 
(NH4)2SiFfi, 179 
(N^^4)2S20H, 263 
(NH4)2S04, 216 

4(NH4)2S203-AgBr-NIl4Br, 262 
(NH4)2S04‘2NH4N03, 267 
(NH4)2U02Cl4-21120, 18I 
(NH4)4U02(C03)3, 204 
(NH4)3U02F6, 18I 

(NH4)2U02(N08)4-2H20, 211 
NH4V(S04)2-121120, 260 

(NIi 4 ) 2 ZnCl 4 , 174 

(NH4)3ZnCl6, 174 
(NH4)2Zn(Se04)2-6H20, 251 
(NH4)2 Zii(S04)2-6H20, 242 

(NH 4 ) 3 ZrF 7 , 179 

Nickel chloride, hydrated, 171 
Nickel hydrofluoride, hydrated, 168 
Nickel oxide, 186 
Nickel perchlorate, hydrated, 205 
Nickel selenate, hydrated, 225 
Nickel silicon fluoride, hydrated, 181 
Nickel sulphate hydrated, 225, 227 
Ni(C104)2*6H20, 205 

NiCl2-6H20, 171 
Nicol prism, 42, 85, 105 
NiFa-sHF-GlFA 168 
Nikitin hemisphere, 2 
NiO, 186 

Niobates»Columbates, 280 
NiSe04 *61120, 225 
NiSiFfi-eHaO, 181 
N‘iS04-6H20, 225 
NiS04’7H20, 227 
Niter, 209 


Nitrates, 207 
Nitratite, 208 
Nitrites, 211 
Nitrobarite, 208 
Nitrocalcite, 211 
Nitrogen sulphide, J 59 
Nn,, 102, 113 
No, 77 

Normal illumination, 58 

Npy 102 ,, I 13 

N4S4, 159 

O 

O ray, 74 

Oblique illuminalion, 59. 60 
Obsidian glasses, 337, 33S 
Octahedron, 14, j 5 
Ocular, Bertrand, 100, loi 
Oldhamitc, 15O 
Oligoclase, 312 
Olivine, 27 

Olivine system, 291, 293 
Omega (w), 77 
Optic angle, 117, 132, 147 
Optic axes, iiO 
Optic axis, 75 
Optic normal, 117 
Optic orientation, n8 
Optic plane, 117 

Optic properties of biaxial crystals, 108 -i ig 
Optic properties of isotropic substances, 56 - 
72 

Optic properties of uniaxial crystals, 73 -84 
Optic sign of biaxial crystals, 117 
Optic sign of uniaxial crystals, 102 
Determination of, 107 
Order of interference color, 89 
Determination of, 93 
Ordinary" ray, 74 
Orienting a crystal, 20-22 
Ortho axis, 21 
Orthoclase, 313 
Orthodome, 21 
Orthopinacoid, 21 

Orthorhombic crystals, extinction in, 121, 
125 

Orthorhombic system, 19 
Oxides, 184 
Oxyhalides, 182 

P 

R. IS 3 

Parallel extinction, 121, 125 
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Parallel growth, 28 
Paramagnetic substances, 41 
Parameters, 13 
Pai:gasite, 303 
Parting, 35 

Path of light in a microscope, 43 

Pb2As207, 279 

PbCl2, 168 

PbsCKAsOOs, 274 

PbCJOa, 202 

Pb8Cr209, 224 

PbHP 04 , 212 

Pb(N03)2, 208 

PbO, 186 

Pb02, 191 

Pb,(0H)2(C08)2, 203 
Pb8(P04)2, 272 
PbS208 *41120, 269 

Pb(U02)2P208*8.4H20, 277 

Penetration twins, 29, 30, 32 
Perchlorates, 204 
Periclase, 185 
Pericline twin, 31, 33 
Period of vibration, 56 
Phenacitc, 286 
Phillipsite, 323 
Phosphates, 268 
Phosphites, 278 
Phosphorus, 153 
Picromerite, 240 
Picromerite group, 239 
Pinacoid, 15-22 
Pisanite, 232 

Plagioclase, 312, 313, 320 
Plane of optic axes, 117 
Plane of symmetry, 12 
Plane polarization, 73 
Planes of vibration, 74 
Plaster of Paris, 226, 229 
Platinum chloride, ammoniated, 182 
Plattnerite, 191 
Pleochroism, 83, 119 
Polarization, 73 
By anisotropic substances, 74 
By isotropic substances, 73 
By reflection, 73 
By refraction, 73 
Polarizing microscopes, 42-47 
Polychromates, 262 
Polymolybdates, 266 
Polythionates, 262 
Polytungstates, 266 


Positive crystals, 102, 117 
Potassalumite, 259 
Potassium acid arsenate, 268 
Potassium acid hypophosphate, hydrated, 
278 

Potassium acid phosphate, 268 
Potassium acid silicate, 283 
Potassium-aegirite, 309 
Potassium alum, 259 

Potassium aluminum selenate, hydrated, 
260 

Potassium aluminum silicate, 308, 309, 313 
Potassium aluminum sulphate, 258 
Potassium aluminum sulphate, hydrated, 

259 

Potassium beryllium silicate, 306 
Potassium bicarbonate, 198 
Potassium boron fluoride, 177 
Potassium bromide, 161 
Potassium cadmium chloride, 173 
Potassium cadmium cyanide, 173 
Potassium cadmium nitrite, 211 
Potassium cadmium sulphate, hydrated, 
23 « 

Potassium calcium carbonate, 204 
Potassium calcium silicate, 306, 307 
Potassium carbonate, 199 
Potassium chlorate, 207 
Potassium chloride, 160 
Potassium chromate, 217 
Potassium chromium cyanide, 177 
Potassium chromium sulphate, hydrated, 

260 

Potassium cobalt selenate, hydrated, 255 
Potassium cobalt sulphate, hydrated, 246 
Potassium copper chloride, hydrated, 174 
Potassium copper cyanide, 164 
Potassium copper selenate, hydrated, 254 
Potassium copper sulphate, hydrated, 245 
Potassium cyanide, 161 
Potassium fluoride, 161 
Potassium fluoride, hydrated, 165 
Potassium gallium sulphate, hydrated, 269 
Potassium hydride, 162 
Potassium iodide, 161 
Potassium iron chromate, hydrated, 258 
Potassium iron cyanide, 178 
Potassium iron cyanide, hydrated, 176 
Potassium iron selenate, hydrated, 253 
Potassium iron silicate, 309, 314 
Potassium iron sulphate, hydrated, 244, 260 
Potassium lanthanum silicate, 309 
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Potassium magnesium bromide, hydrated, 

1 7 5 

Potassium magnesium carbonate, 204 
Potassium magnesium selenate, hydrated, 
250 

Potassium magnesium sulphate, hydrated, 
240 

Potassium manganese cyanide, 177 
Potassium manganese molybdate, hydrated, 
261 

Potassium manganese sulphate, hydrated, 

238 

Potassium mercury chloride, hydrated, 174 
Potassium mercury cyanide, 173 
Potassium mercury thiocyanate, 184 
Potassium nickel selenate, hydrated, 256 
Potassium nickel sulphate, hydrated, 247 
Potassium nitrate, 208 
Potassium osmium cyanide, hydrated, 175 
Potassium perchlorate, 206 
Potassium periodate, 205 
Potassium platinum bromonitrite, hy¬ 
drated, 212 

Potassium platinum chloride, 173, 170 
Potassium platinum chloride, ammonialed, 
182 

Potassium platinum cyanide, hydrated, 175 
Potassium platinum iodonitrite, hydrated, 
212 

Potassium polychromate, 264 
Potassium polychromate-mercury cyanide, 
hydrated, 265 

Potassium polythionatc, hydrated, 205 
Potassium rhenate, 214 
Potassium rhodium cyanide, 178 
Potassium ruthenium cyanide, hydrated, 

176 

Potassium selenate, 218 
Potassium silicate, 283 
Potassium silicate, hydrated, 284 
Potassium silicon fluoride, 179 
Potassium silver cyanide, 164 
Potassium sulphate, 217 
Potassium thiocyanate, 183 
Potassium tin chloride, 179 
Potassium titanate, 280 
Potassium titanium fluoride, 180 
Potassium uranyl nitrate, 210 
Potassium umnyl phosphate, hydrated, 276 
Potassium uranyl sulphate, hydrated, 262 
Potassium zinc cyanide, 173 
Potassium zinc selenate, hydrated, 251 


Potassium zinc sulphate, hydrated, 241 
Potassium zirconium fluoride, 180 
Powellite, 222 

Praseodymium molybdate, 234 
Praseodymium sulphate, hydrated, 237 
Preparation of material, 53-55 
Primary inclusions, 33, 34 
IMmary optic axes, 116 
Principal plane of symmetry, 14 
Principal section, 75 
Prism, 15-22 
Projections, i 
CJinographic, i 
Spherical, 2 
Stereographic, 2 
PriCMoOOa, 234 
Pr2(S04)3*8H20, 237 
Pseudohexagonal twins, 31 
Pseudowollastonite, 298 
PtCl2-4NH3-nH20, 182 
rtCl2-2NH3'4(PtCl2-4NH3), 182 
Pyramid, 15-22 
Pyritohedron, 15 
Pyroantimonates, 279 
Pyroarsenates, 279 
Pyrophosphates, 279 
Pyrophyllite, 305 
Pyroxene group, 294-297, 315 
Pyroxmangite, 300 

Q 

Quarter undulation plate, 97, 103 

Quartz, 72, 192 

Quartz wedge, 94, 95, 101 

R 

Radial inclusions, 34 
Ray, 56 

Rays, relative velocities of, 97, 106 
RbAlSi04, 309 
RbAl(S04)2-12H2O, 260 
RbBr, 161 

Rb2Cd(S04)r6H20, 243 
RbCl, 161 
RbCl04, 206 

RbjCo(Se04)2*6HaO, 255 
Rb2Co(S04)2*6H20, 246 
Rb2Cr04, 219 
RbCr(S04)2* 12H2O, 260 
Rb2Cu(Se04)2-61120, 254 
Rb2Cu(S04)2* 6H2O, 245 
RbF, 161 
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RbFeCSeOOa-iaHaO, 260 
Rb2Fe(Se04)2-6H20, 253 
RbFe(S04)2* 12H2O, 260 
Rb2Fe(S04)2*6H20, 244 
RbGa(S04) 2 • 1 2H2O, 260 
RbHS04, 219 
Rbl, 161 

Rbln(804)2*121120, 260 
Rb2Mg(Cr04)2*6H20, 257 
Rb2Mg(Se04)2 • 6H2O, 250 
Rb2Mg(S04)2*6H20, 240 
Rb2Mn(Se04)2*6HA 252 
Rb2Mn(S04)2*6H20, 243 
Rb2Ni(Se04)2-6H20, 256 

Rb2Ni(S04)2-6H20, 247 
RbNOs, 209 
Rb 2 Pt(CN) 4 * 3 H 20 , 175 

RbRh(S04)2' 12H2O, 260 
Rb2Se04, 218 
Rb2S04, 217 
Rb2S206, 262 
Rb2S208, 263 
Rb2Sa06, 263 
RbTi(S04)2*i2H20, 260 
RbV(S04)2 i2H20, 260 
Rb2Zn(Se04)2*6H20, 251 
Rb2Zn(S04)2 *61120, 242 
R6aumurite, 306 
Red (first order) plate, 100 
Refraction, 57 
Refractive indices, determination of, 135- 
149 

Graphical calculation, I36“i43 
Refractometer, 49 
Refringence, 57 

Relative velocities of rays, 97, 106 

Rhenates, 214 

Rhodonite, 300 

Rhomboclase, 236 

Rhombohedron, 19 

Rise of interference colors, 94 

Rivaite, 306 

Rossite, 277 

Rotation apparatus, 127 
Rubidium aluminum silicate, 309 
Rubidium aluminum sulphate, hydrated, 
260 

Rubidium bisulphate, 219 

Rubidium bromide, 161 

Rubidium cadmium sulphate, hydrated, 

243 

Rubidium chloride, i6i 


Rubidium chromate, 219 
Rubidium chromium sulphate, hydrated, 
260 

Rubidium cobalt selenate, hydrated, 255 
Rubidium cobalt sulphate, hydrated, 246 
Rubidium copper selenate, hydrated, 254 
Rubidium copper sulphate, hydrated, 245 
Rubidium fluoride, 161 
Rubidium gallium sulphate, hydrated, 260 
Rubidium indium sulphate, hydrated, 260 
Rubidium iodide, 161 

Rubidium iron selenate, hydrated, 253, 260 
Rubidium iron sulphate, hydrated, 244, 2()o 
Rubidium magnesium chromate, hydrated, 
257 

Rubidium magnesium selenate, hydrated, 

250 

Rubidium magnesium sulphate, hydrated, 
240 

Rubidium manganese selenate, hydrated, 

252 

Rubidium manganese sulphate, hydrated, 

243 

Rubidium nickel selenate, hydrated, 256 
Rubidium nickel sulphate, hydrated, 247 
Rubidium nitrate, 20c) 

Rubidium perchlorate, 206 
Rubidium platinum cyanide, hydrated, 17s 
Rubidium polythionatc, 262, 263 
Rubidium rhodium sulphate, hydrated, 260 
Rubidium selenate, 218 
Rubidium sulphate, 217 
Rubidium titanium sulphate, hydrated, 260 
Rubidium vanadium sulphate, hydrated, 
260 

Rubidium zinc selenate, hydrated, 251 
Rubidium zinc sulphate, hydrated, 242 

S 

S, 153 

Sal ammoniac, 164 
Salammonite, 164 
Saltpeter, 208 

Samarium sulphate, hydrated, 237 
I Sanidine, 311, 313 
SbBrs, 172 

I Scale of fusibility, 40 
I Scale of hardness, 37 
Scalenohedron, 19 
Schairerite, 267 
Scheelite, 222 
Schultenite, 272 
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Scoledte, 322 
Se, 153 

Second order colors, 91, 92 
Secondary optic axes, 116 
Secondary twinning, 30 
Selenates, 215 
Selenides, 156 
Selenium, 153 
Selenium oxide, 194 
Sensitive tint plate, 100 

Se02, 194 

Shannonite, 289 
SiBr4, 172 
SiC, 155 
SiCU, 172 
Siderotil, 233 

Sign of biaxial minerals, 117 
Sign of elongation, 98, 123, 125 
Determination of, 125 
Sign of uniaxial crystals, 102 
Silica, 191 

Silica-alumina hydrogels, 304 
Silicates, 280 
Siliceous glasses, 327 
Silicon bromide, 172 
Silicon carbide, 155 
Silicon chloride, 172 
Silicon oxide, 191 
Sillimanite, 304 
Silver acid phosphate, 269 
Silver bromate, 205 
Silver bromide, 16 r 

Silver carbonate-ammonia, hydrated, 200 

Silver chloride, 161 

Silver cyanide, 164 

Silver iodide, 164 

Silver nitrate, 210 

Silver polythionate, hydrated, 265 

Silver sulpharsenide, 159 

Single variation method, 65-67, 70 

Si02, 191 

Skeleton crystal, 33, 34 
Slow ray, 94 
Smithite, 159 

Smith’s refractometer, 49, 50 
Sm2(S04)8*8H20, 237 
Snl 4 , 172 
Sn02, 10^ 

Snow, 185 
Soda (baking), 198 
Sodalumite, 259 
Soda niter, 208 


Sodium acid arsenate, hydrated, 270, 271 
Sodium acid carbonate, 198 
Sodium acid hypophosphate, hydrated, 278 
Sodium acid phosphate, hydrated, 270, 271 
Sodium acid phosphite, hydrated, 278 
Sodium acid pyrophosphate, hydrated, 279 
Sodium alum, 259 
Sodium aluminum silicate, 307, 310 
Sodium aluminum silicate, hydrated, 315 
Sodium aluminum silicate-calcium car¬ 
bonate, 326 

StKiium aluminum sulphate, hydrated, 259, 
261 

Sodium arsenate, hydrated, 269 
Sodium bicarbonate, 198 
Sodium bisulphate, hydrated, 221 
Sodium bisulphite, 215 
Sodium borate, hydrated, 212, 213 
Sodium bromide, 161 
Sodium calcium borate, hydrated, 214 
Sodium calcium carbonate, 204 
Sodium calcium silicate, 305 
Sodium carbonate, 199 
Sodium carbonate, hydrated, 200 
Sodium carbonate-sulphate, 267 
Sodium chlorate, 204 
Sodium chloride, 160 
Sodium chromate, hydrated, 221 
Sodium copper silver polythionate, am¬ 
monia, 262 
Sodium cyan ate, 183 
Sodium cyanide, 161 
Sodium fluoarsenate, hydrated, 269 
Sodium fluophosphate, hydrated, 269 
Sodium fluoride, 160 
Sodium fluovanadate, hydrated, 269 
Sodium gold chloride, hydrated, 178 
Sodium hypophosphate, hydrated, 278 
Sodium hydride, 182 
Sodium iodide, 161 
Sodium iron cyanide, hydrated, 176 
Sodium iron silicate, 310, 314 
Sodium lanthanum silicate, 309 
Sodium lithium carbonate, 198 
Sodium magnesium carbonate, 204 
Sodium magnesium sulphate, 238 
Sodium magnesium sulphate, hydrated, 238 
Sodium metaphosphate, 277 
Sodium neodymium silicate, 309 
Sodium nitrate, 208 
Sodium perchlorate, 206 
Sodium phosphate, hydrated, 269 
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Sodium phospho-moiybdate, hydrated, 207 
Sodium platinum cyanide, hydrated, 176 
Sodium polychromate, hydrated, 266 
Sodium polythionate, hydrated, 265, 266 
Sodium potassium chromate, 215 
Sodium potassium cyanide, 161 
Sodium potassium platinum cyanide, hy¬ 
drated, 176 

Sodium praseodymium silicate, 309 

Sodium pyrophosphate, hydrated, 279 

Sodium ruthenium nitrite, hydrated, 212 

Sodium samarium silicate, 309 

Sodium silicate, 282, 283, 285 

Sodium silicon fluoride, 180 

Sodium silicotitanate, 280 

Sodium sulpharscnate, hydrated, 159 

Sodium sulphate, 216 

Sodium sulphate-carbonate, 20 7 

Sodium sulphate, hydrated, 220 

Sodium sulphate-sodium fluoride, 267 

Sodium sulphite, 215 

Sodium thiocyanate, 183 

Sodium thiosulphate, hydrated, 266 

Sodium titanate, 280 

Sodium tungstate, hydrated, 220 

Sodium uranyl phosphate, hydrated, 276 

Sodium vanadate, hydrated, 269, 270 

Sodium yttrium silicate, 309 

Sodium zirconosilicate, 281 

Space lattice, lo 

Specific gravity, 37 

Spencer refractometer, 50-52 

Sphalerite, 157 

Spherical projection, 2 

Spinel, 195 

Spinel twins, 28, 29 

Spodumene, 307 

Spurrite, 327 

SrAljSijOs, 319 

SrCl2, 166 

SraCUFj, 166 

SrCl3*2H20,170 

SrCl2*6H20, 168 

Sr(C108)2, 206 

Sr8Clp80i2, 273 

SrCOs • 3Sr8P208, 280 

SrCr307*31120, 266 

SrF2, 166 

SrjFPsO^, 273 

SrHAs04» 273 
SrHPOi, 272 
SrMo04, 222 


SrN80«, 208 
SrN204-H20, 211 
SrO, 186 

Sr(0H)2*8H20, 187 
3Sr8P208 • SrCOs, 280 
SrPt(CN)4*5H20, 169 
SrS, 156 
SrSe, 156 
SrSiOs, 286 
Sr2Si04, 207 

SrsSiW]20.10- lOHoO, 267 
SrSsOe-41120, 264 
SrTc, 156 

Stannosilicates, 280 
Stercorite, 270 
Stilbite, 323 

Strontium acid arsenate, 273 

Strontium acid phosphate, 272 

Strontium aluminum silicate, 319 

Strontium carbonate-phosphate, 280 

Strontium chlorate, 206 

Strontium chloride, 166 

Strontium chloride-fluoride, 166 

Strontium chloride, hydrated, 168, 170 

Strontium chlorophosphate, 273 

Strontium fluophosphate, 273 

Strontium fluoride, 166 

Strontium hydroxide, hydrated, 187 

Strontium molybdate, 222 

Strontium nitrate, 208 

Strontium nitrite, hydrated, 211 

Strontium oxide, 186 

Strontium phosphate, 273 

Strontium phosphate-carbonate, 280 

Strontium platinum cyanide, hydrated, 169 

Strontium polychromate, hydrated, 266 

Strontium polythionate, hydrated, 264 

Strontium selenide, 156 

Strontium silicate, 286, 297 

Strontium silico-tungstate, hydrated, 267 

Strontium sulphide, 156 

Strontium telluride, 156 

Sulphates, 215 

Sulphides, 156 

Sulphites. 215 

Sulphosalts, 159 

Sulphur, 153 

Sulphur, effects of, on light, xo8 
Sulphur, indices of, X09 
Swift microscope, 42, 44 
Sylvite, 160 , 

Symbols, 13 



INDEX 


401 


Symmetry, ii 

Of hexagonal system, 17, 18 
Of isometric system, 14 
Of monoclinic system, 21 
Of orthorhombic system, 19, 20 
Of tetragonal system, 16 
Of triclinic system, 23 
Systems of crystallization, 14 
Szmikite, 228 

T 

Tabular crystals, 24 -26 
Tachyhydrite, 168 
lamarugite, 261 
Tantalates, 280 
Tarapacaite, 218 
Tellurates, 215 
Tellurides, 155 

Temperature control for universal stage, 

134 

Tenorite, 187 
Tephroite, 290 
Teschemacherite, 198 
Tetrabromoethane, 39 
Tetragonal system, 16 
Tetrahedron, 15 

Thallium aluminum sulphate, hydrated, 
260 

Thallium bromide, 163 
Thallium chloride, 163 
Thallium chromium sulplmte, hydrated, 
260 

Thallium cobalt selenate, hydrated, 255 
Thallium cobalt sulphate, hydrated, 247 
Thallium copper selenate, hydrated, 254 
Thallium copper sulphate, hydrated, 246 
Thallium gallium sulphate, hydrated, 260 
Thallium iodide, 163 
Thallium iron selenate, hydrated, 253 
Thallium iron sulphate, hydrated, 245, 260 
Thallium magnesium selenate, hydrated, 
25c 

Thallium magnesium sulphate, hydrated. 
241 

Thallium manganese selenate, hydrated, 
252 

Thallium manganese sulphate, hydrated, 

244 

Thallium nickel selenate, hydrated, 256 
Thallium nickel sulphate, hydrated, 248 
Thallium nitrate, 210 
Thallium rhodium sulphate, hydrated, 260 


Thallium selenate, 218 

Thallium sulphate, 217 

Thallium vanadium sulphate, hydrated, 260 

Thallium zinc selenate, hydrated, 251 

Thallium zinc sulphate, hydrated, 242 

Thenardite, 216 

Thermonatrite, 200 

Third order colors, 92 

Thomson!te, 321 

Thorium sulphate, hydrated, 238 
Thorosilicates, 280 
Thoulet solution, 39 
Th(SO,)2-8H.A 238 
Tin iodide, 172 
Tin oxide, 191 
Tincalconite, 212 
Titanates, 280 
Titanosilicates, 280 
TlAKSOOs- 12H.A 260 
TlBr, 163 
TlCl, 163 

Tl2Co(Se04)2-6H20, 255 
Tl2Co(S04)2-6H20, 247 

TlCr(S04)2 i2H20, 260 
Tl2Cu(Se04)2-6H20, 254 
Tl2Cu(S04)2’6H20, 246 
Tl2Fe(Se04)2*6H20, 253 
TlFe(S04)2*i2H20, 260 

Tl2Fe(S04)2-6H20, 245 

TlGa(S04)2* 12H2O, 260 
Til, 163 

Tl2Mg(Se04)2-6H20, 250 
Tl2Mg(S04)2'6H20, 241 
Tl2Mn(Se04)2*6H20, 252 

Tl2Mn(S04)2* 6H2O, 244 

Tl2Ni(Se04)2*6H20, 256 
Tl2Ni(S04)2-6H20, 248 
TlNOs, 210 

TlRh(S04)2 121120, 26c 
Tl2Se04, 218 
TI2SO4, 217 
T1V(S04)2-I2H20, 260 
Tl2Zn(Se04)2-6H20, 25) 

Tl2Zn(S04)2*6H20, 242 

Torbemite, 92, 275 

Trapezohedron, 15 

Trechmannite, 159 

Tremolite, 301, 302 

Triajdal ellipsoid, 113, 129 

Triclinic ciystals, extinction in, i2x, 125 

Triclinic system, 21 

Tridymite, 192 
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Trigonal division, i8 
Trona, 201 
Tschermigite, 259 
Tungstates, 215 
Turgite, 189 

Tutton’s selenate group, 248 
Twinning axis, 29 
Twinning laws, 29 
Twinning plane, 29 
Twinning position, 28 
Twins, 28-33 


U 

Uneven fracture, 37 
Uniaxial crystals, 76, 128 
Double refraction in, 78 
Optic sign of, 102, 107 
Orientation of, 128, 146 
Wave-fronts in, 75-83 
Uniaxial substances, 76 
In parallel polarized light, S5-107 
Optic properties of, 73-84 
Sign of, 102, 107 
Unit prism, 16-23 
Unit pyramid, 17-23 
Universal stage, 48, 126-150 
Adjustments for, 144 
Conditions for, 132, 144 
Mounting procedure, 135, 145 
Temperature control for, 134 
UOaNaOe ^HaO, 211 
Uranates, 215 
Uranospathite, 275 
Uranyl nitrate, hydrated, 211 


V 

K, 117 

Vanadates, 268 
Vanthoffite, 238 
Vaterite, 202 
Velocity of light, 56 
Velocity of rays, 75-83, 97 
Determination of relative, 97, 106 
Vestorian blue, 286 
Vibration directions, 87 
Vibration of rays, 85 
Vibration planes, 85 
Vibrations in the analyzer, 87 
Villiaumite, 161 
Vogtite, 299 


W 

Water, 185 
Wave-front, 56, 76 
In biaxial crystals, 109-115 
In isoaxial crystals, 76 
In uniaxial crystals, 76 
Wave length, 56 
Wave normal, 78 
Wave surface figures, 78 
Wedge, Wright biquartz, loi 
Wedge between crossed nicols, 94 
Westphal balance, 38 
White light, wave lengths of, gi, 92 
Wliite of higher order, 92 
Winkel microscope, 43, 45 
Wollastonitc, 299 
Wright biquartz wedge, loi 
Wurtzite, 158 

X 

X axis, 110 
X ray, 94 

Y 

V axis, 110 

Y2(Mo04)3, 234 

Y2Pt3(CN)!2-2lH20, 178 

Y2(SC)4)3-81120, 237 

Yttrium molybdate, 234 

Yttrium platinum cyanide, hydrated, 178 

Yttrium sulphate, hydrated, 237 


Z 

Z axis, no 
Z ray, 94 

Zeiss microscope, 43, 45 

Zeiss refractometer, 50, 51 

Zeolites, 315, 320 

Zinc aluminate, 195 

Zinc aluminum oxide, 195 

Zinc bromate, hydrated, 205 

Zinc chloride, 167 

Zinc chloride, ammoniated, 182 

Zinc-copper sulphate, hydrated, 233 

Zinc ferrite, 195 

Zinc hydroxyphosphate, 274 

Zinc iron oxide, 195 

Zinc-iron sulphate, hydrated, 227 

Zincite, 187 

Zinc oxide, 187 

Zinc oxyphosphate, 274 



INDEX 


403 


Zinc phosphate, 274 
Zinc selenate, hydrated, 22b 
Zinc silicate, 288 

Zinc silicon fluoride, hydrated, 181 

Zinc sulphate, 223 

Zinc sulphate, hydrated, 227 

Zinc sulphide, 357 

Zinc telluridc, 158 

Zinkosite, 224 

Zirconates, 280 

Zirconium oxychloride, hydrated, 182 

Zirconosilicates, 281 

ZnAl204, 195 

Zn(Br03)2-6H20, 205 

ZnClu, 167 

ZnCl2*2NH8, 182 


ZnCl2'6X11.3, 182 
(Zn,Cu)S04'5H20, 253 
ZnFe2(^4, J95 
(Zn,Fe)S04'71120, 227 
ZnO, 187 
Zn2(OH)P04, 274 
Zn4P20», 274 
ZnS, 357 

ZnSe()4 *61120, 226 
ZnSiF6'6H20, 181 
ZnSiO.3, 288 
ZnS04, 223 
ZnS04*71120, 227 
ZnTe, 158 
Zonal growths, 32 
ZrOCli-SHaO, 182 
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